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Abstract 
The Qinling Orogenic Belt (QOB), located between the North China Block and the South 
China Block, has been considered as a key factor in understanding the collision between 
these two blocks. Although several models for the evolution of the QOB have been proposed, 
the controversies on those models have yet to be resolved. The Liuling group, located in the 
south of the Shangdan Suture, which separates the QOB into the South Qinling Belt and the 
North Qinling Belt, is an important window to reconstruct the evolution history of the QOB 
since late Paleozoic. The subject of this thesis focuses on analyzing outcrop scale structures 
to establish the deformation history of the Liuling group in the Danfeng Region and then uses 
the deformation history to place constraints on the regional tectonics and to discriminate 
existing models. 
 Detailed structural analysis reveals that the Liuling group has undergone two generations of 
deformation. The first generation (D1) produced NWW-SEE (orogen-parallel) shortening 
structures such as isoclinal folds and a transposition foliation in the whole study area. It also 
caused NWW-SEE (orogen-parallel) sinistral shearing in the adjacent Mianyuzui high strain 
zone. The second generation (D2) led to the development of the extensional structures, for 
example, recumbent folding and L-tectonite. In addition, U/Pb zircons from four pegmatite 
dikes that crosscut the first generation of deformation have been dated. However, all zircons 
are interpreted as inherited zircons, which are captured from the host rocks. Although the 
geochronogical data cannot be used to limit the absolute ages of the deformation, their 
deformation timing is discussed in a regional context. It is likely that D1 deformation 
occurred between 250Ma and 200Ma due to active mountain building that was caused by the 
convergence between South Qinling Belt and North South China Block. D2 took place 
between ca. 150-100Ma, reflecting the along-strike extension and vertical thinning of the 
QOB.  
Keywords 
Qinling Orogenic Belt, Liuling Group, Shangdan Suture, Mianlue Suture, Structural 
Analysis, Geochronology, Evolutionary History  
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Chapter 1  
1 General Introduction and an Outline of the Thesis 
1.1 Purpose of the Study 
One of the most important global tectonic events is the amalgamation of the Pangaea 
supercontinent. Tectonic processes between the Gondwana and Laurasia assemblies can 
be interpreted by the evolutionary history of the Asian continent. In particular, Scotes 
(2004) proposed that the central part of the East Asian continent formed from Paleozoic 
to later Triassic by amalgamation of a series of small continent blocks. The small 
continent blocks located between the main Laurasia and Gondwana continents (Figure 1-
1). It has been well established that these micro-continent blocks including the North 
China Block, the Qiangtang Block, the Tarim Block, and the South China Block have 
been amalgamated to form the Central China Orogenic Belt, the Central Asian Orogenic 
Belt, and the Tethys Orogenic Belt (Dong & Santosh, 2016), respectively.  
 
Figure 1-1 Modified reconstruction model in Pangea for North China and South 
China: (a) Early Silurian and (b) Middle Devonian (Santosh, 2004) 
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Figure 1-2 Modified map showing the Qinling Orogenic Belt and the adjacent 
Orogeny (Dong et al., 2013) 
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The Central China Orogenic Belt, which is located in the central East Asian continent, 
represents the fundamental collision between the northern blocks (consisting of North 
China Block and Tarim Block) and the southern blocks (composed of South China Block 
and Qiangtang Block). The Central China Orogenic Belt is made up of the Qinling, 
Dabie, Sulu, Kunlun and Qilian mountains from east to west. The Qinling Orogenic Belt 
(QOB) extends more than 1000 km from the eastern Dabie Mountains to the western 
Qilian Mountains and the Kunlun Mountains (Figure 1-2). This belt separates the North 
China block in the north from the South China block (also called the Yangtze block) in 
the south.  
According to Figure 1-3, the QOB and related regions can be tectonically divided into 
two distinctive parts by the Shangdan Suture (Li et al., 1996; Zhang et al., 1995a, 2001; 
Meng and Zhang, 1999; Dong et al., 2004). The northern part consists of the Southern 
North China Block (S-NCB) and the North Qinling Belt. A bonding zone, which 
separates the S-NCB and NQB, is referred as the Kuanping Suture. The North Qinling 
Belt consists of the Kuanping Group, Erlangping Group, Qinling Group, Proterozoic 
Songshugou Ophiolite and Danfeng Group from the north to the south (Zhang et al., 
1994b, 1995a, 2001; Zhang and Zhang, 1995; Xue et al., 1996a, b; Zhai et al., 1998; 
Ratschbacher et al., 2003, 2006; Hacker et al., 2004; Diwu et al., 2010). The southern part 
is divided into the Northern South China Block (N-SCB) and the South Qinling Belt 
(SQB) by the Mianlue Suture. Although several construction models of the Qinling 
Orogenic Belt have been proposed (Mattauer et al., 1985; Sengor, 1985; Zhao and Coe, 
1987; Enkin et al., 1992; Kroner et al., 1993; Li et al., 1993; Li, 1994; Gao et al., 1995; 
Zhang et al., 1997b; Hacker et al., 1998; Hsu et al., 1987), there are controversies of the 
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evolution history of the collisions among these tectonic elements along the Shangdan 
suture and the Mianlue suture from Paleozoic to Mesozoic. 
 
Figure 1-3 Geological map showing the tectonic units of the Qinling Orogenic Belt 
(Dong & Santosh, 2016) 
5 
 
For instance, there existed two main opinions about the timing of the amalgamation 
between the NCB and the SCB. Mattauer et al. (1985) and Kroner et al. (1993) believed 
that the collision occurred during Early Paleozoic. On the contrary, Gao et al. (1995) and 
Zhang et al. (1997b) insisted that the amalgamation occurred during Devonian based on 
the geochemical characteristics of Devonian sediments from SQB and the Pb isotopic 
composition of granitoids. In addition to these two ages, a late Triassic continent-
continent collision had also been proposed (Sengor 1985; Li, 1994; Enkin et al., 1992; 
Okay and sengor, 1993; Ames et al., 1996) based on the geochronologic and paleo-
magnetic data. In the past few decades, geologists constructed several models of the 
tectonic process of the Shangdan Suture Zone in order to understand the evolutionary 
history of the Qinling Orogenic Belt. This is mainly because the Shangdan Suture Zone 
not only represents the boundary between NQB and SQB, but also marks the major 
collision between NCB and SCB. Most of the contributions are based on geochronology, 
paleomagnetism, and geochemistry studies of the ophiolitic melange within the Shangdan 
Suture Zone. However, the evidence of kinematics of the Shangdan Suture is limited.  
As to the south of the Shangdan suture, the Mianlue suture occurred between the SQB 
and the SCB (Zhang et al., 1995a; Dong et al., 1999; Xu et al., 2002; Dong et al., 2014). 
Traditional opinion holds that the SQB belongs to the SCB before the spreading of the 
Mianlue Ocean since the Middle-Devonian. However, the timing of the subduction of the 
Mianlue Ocean is still disputed as Neoproterozoic (Li et al., 2009; Lin et al., 2013; Yan et 
al., 2007; Wang et al., 2011) or Paleozoic-Triassic (Li et al., 1996; Zhang et al., 2001; Xu 
et al., 2002). 
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In order to reveal the tectonic evolution of the QOB from Paleozoic to Mesozoic period 
as well as the relationship between the Shangdan Suture Zone and the Mianlue Suture 
Zone, this thesis focuses on the outcrop scale structures to establish the deformation 
history of a selected, tectonically significant region, and uses the deformation history to 
place constraints on the regional tectonics, in order to discriminate the existing models. 
More specifically, this thesis will focus on the minor structures in the Liuling Group, 
which is exposed south along the Shangdan suture. The Liuling Group, characterized by 
several kilometers thick turbidite sequences, occurs in the northern SQB. The Devonian 
Liuling Group is bounded by the Shangdan Suture Zone to the north and has excellent 
outcrop-scale structures in the field. Although the variably deformed folds in the Liuling 
Group have been mentioned in many published work (Yu & Meng, 1995; Xu et al., 1986; 
Mattauer et al., 1985; Dong et al., 2013; Zhang et al., 1995b; Hu et al., 1993), there is no 
published papers studying those folds in detail and systematically. Besides, the 
relationship between the local evolution of the Liuling Group and the regional tectonics is 
disputed.  
The purpose of this thesis is firstly to establish the local evolution history of the Liuling 
Group by understanding the geometry, interpreting the kinematics, and dating the age of 
the crosscutting pegmatite dikes. Secondly, the evolution history of the mapping area will 
help to interpret the regional tectonic events. By understanding the regional tectonic 
events, we can further constrain the evolution history of the whole QOB and refine 
existing models. 
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1.2 Initiation and Process of the Project 
The project can be divided into fieldwork and lab work. The fieldwork for this project 
was conducted in the summer of 2015 (from June to August). The study area locates in 
the Liuling Group in the Danfeng-Shangnan Region, which is in the southeast corner of 
the Shaanxi Province. Fig 1-4 indicates the base map of the field area. Outcrops along the 
country roads are abundant and of excellent to reasonable quality. According to the 
topography and previous literature, the emphasis was placed on five cross-sections 
consisting of the Siping-Maoligang, Zhulinguan, Lishangou, Laopenggou, and Wuguanhe 
from west to east.  
 
Figure 1-4 Base map of the study area. Red lines represent cross sections of my field 
investigation referred to in the following chapters. Yellow dot shows the location of 
the Danfeng Town. 
The small -scale (1:200,000) structural map (Fig 1-5.) was modified based on the 
regional geological map. Detailed cross-section and geological mapping were produced 
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based on the field observation. In addition to confirming and revising the lithological 
units, structural data collecting was the priority for the entire fieldwork. For instance, 
foliation, lineation, various outcrop-scale structures, and kinematic indicators were 
measured in the field. At the same time, the overprinting relationships of the various 
deformed folds, which indicated the relative age of different deformation, were recorded. 
Geochronological samples, such as crosscutting pegmatite veins, were collected as well. 
Lab work including analysis and relative experiment can be divided into thin section 
observation, structural data interpretation, U-Pb dating, and quartz c-axis fabric 
measurement. Both lithological and oriented thin sections were prepared at the 
Northwestern University after the fieldwork. Under the microscope, microstructures were 
observed from the oriented thin sections. In the meanwhile, the lithological thin sections 
were used to revise the lithological units of this area. Field samples for zircon U-Pb 
dating were processed by using LA-IC-PMS at the Northwestern University. Field 
structural data was treated in the laboratory at the Western University. The whole 
mapping area is divided into two structural domains by the structural data. Structural 
geometry is established for each domain in order to interpret the kinematic evolution. 
Subsequently, the kinematic relationships are illustrated by using block diagram. Table 1 
shows the major work done for this thesis. 
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Table 1 Major work done for this thesis 
Work Quantity 
Geological map collection 4 
Literature review >80 
Cross-section measurement 5 
Fabric measurement 891 
Field photo >200 
Thin section(litho &oriented) 37 
Stereonet 14 
Geochronological samples 4 
This project has been supported by funding awarded to my supervisor Dazhi Jiang by the 
Canadian Natural Sciences and Engineering Research Council, the Western University, 
the Northwestern University, and the National Natural Science Foundation of China. 
1.3 Outline of the Thesis 
The thesis consists of five Chapters. Chapter 2 introduces the Qinling Orogenic Belt 
and the geological setting of the Liuling Group. In Chapter 3, the emphasis is on the 
structural analysis of the studied area. Chapter 4 presents the geochronologic analysis 
of U/Pb Zircons from pegmatite dikes. Chapter 5 focuses on the regional synthesis.  
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Chapter 2  
2 The Qinling Orogenic Belt and Regional geological 
setting of the Liuling Group around the Danfeng Region 
in Shaanxi Province China 
2.1 General Statement of the Qinling Orogenic Belt 
(QOB) 
The QOB is located between the Mianxian-Bashan-Xiangguang Fault (MBXF) in 
the south and the Lingbao-Lushan-Wuyang Fault (LLWF) in the north. According to 
Dong et al. (2011b), the QOB was thrusted northward onto the southern margin of 
the North China Block (NCB) and southward onto the northern margin of the South 
China Block (SCB) along these two Mesozoic-Cenozoic intra-continental thrust 
faults. Two sutures with ophiolitic melanges, the Shangdan suture in the north (e.g. 
Ames et al., 1996; Dong et al., 1997, 2011a; Hsu et al., 187; Li et al., 1993; Mattauer 
et al., 1985; Kroner et al., 1993; Sengor et al., 1985; Zhang et al., 1995a, 1995b, 
2001; Zhai et al., 1998) and the Mianlue suture in the south (Dong et al., 1999,2004; 
Li et al., 2007c; Li et al., 2004a; Zhang et al., 2004a) are well documented. 
Commonly, the QOB and the related regions can be tectonically divided into four 
tectonic elements that are separated by the two sutures and several major faults. 
These tectonic elements are distinctive as the Northern South China Block (N-SCB), 
the South Qinling Belt (SQB), the North Qinling Belt (NQB), and the Southern 
North China Block (S-NCB) from south to north (Figure 2-1) by different strata and 
magmatic intrusions with age spans (Figure 2-2). Each of these tectonic elements is 
described in more details below referred from the Figure 2-2. 
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Figure 2-1 Geological map of the QOB (Dong et al., 2011b) 
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Figure 2-2 Strata of the important blocks (Dong & Santosh, 2016) 
2.1.1 Tectonic Belts 
The characteristic of the N-SCB is the foreland thrust-fold belt in the north. It 
progressively grades from the foreland fold-thrust belt into the undeformed 
sequences in the primary domain of the SCB (Zhang et al., 1995b). This belt consists 
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of the Upper Triassic-Cretaceous terrestrial conglomerate and sandstone, overlying 
the Proterozoic sandstones and limestone, Cambrian-Ordovician limestone, Silurian 
shale and Permian-Triassic limestone. 
The SQB, separated from N-SCB by the MBXF, is characterized by the thick Sinian 
to Triassic sediments and the Pre-Sinian basement. The basement is recognized as 
two types: the Archean-Paleoproterozoic highly metamorphism plutonic basement 
and the Mesoproterozoic to Neoproterozoic transitional basement (Zhang et al., 
2000). On the top of these basements, Proterozoic clastic and carbonate rocks, 
Cambrian-Ordovician limestone, Silurian shales, Devonian-Carboniferous clastic 
rocks with inter-layered limestone overlain unconformably (Dong et al., 2011b). The 
middle and southern SQB are mainly discriminated by the Proterozoic to Silurian 
shallow-marine deposits, the Precambrian transitional basement below, and the 
alkaline diabase dyke intruded in Silurian (Zhang et al., 2007). The northern part of 
the SQB is refined by a thick pile of the Devonian deposits. According to Dong et 
al., (2008), the significance of the SQB is the thin-skinned structures, such as the 
south-vergent imbricated thrust-fold system.  
The NQB, bounded by the LLF to the north and the Shangdan Fault (SDF) to the 
south, is characterized by the Precambrian basement units, the Neoproterozoic-Early 
Paleozoic ophiolites, the volcanic-sedimentary assemblages, and the Carboniferous-
Permain clastic sediments (Dong et al., 2011a). The North Qinling Belt can be 
divided into the Kuanping Group, Erlangping Group, Qinling Group, Songshugou 
Proterozoic ophiolite and Danfeng Group from north to the south by ductile shear 
zones or thrust faults (Zhang et al., 2001; Dong et al., 2011a). The Kuanping Group, 
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which includes two tectonic units made of a meta-basaltic unit and a meta-pelite 
unit, marks a Neoproterozoic suture along the southern margin of the NCB (Zhang 
& Zhang, 1995; Diwu et al., 2010; Hacker et al., 2004; Dong et al., 2014). The 
Erlangping Group with an ophiolitic unit and a meta-clastic unit reveals a back-arc 
basin setting, which is developed by the Early-Paleozoic subduction between the 
Shangdan Ocean and the NQB. The Qinling Group is characterized by highly 
deformed and metamorphosed Precambrian basement unit (Chen et al., 1991; Zhang 
et al., 1994b). The Songshugou complex consists of the meta-mafic and ultramafic 
rocks (Dong et al., 2008a). The Danfeng Group, marking the SDS, is mainly 
composed of the Danfeng ophiolitic melange. Voluminous plutons were intruded 
into those basements during the Neoproterozoic and Paleozoic period (Dong & 
Santosh, 2016). The Carboniferous-Permian clastic sediments unconformably 
overlaid those basement rocks and plutons. 
The S-NCB, bounded by the Lingbao-Lushan-Wuyang Fault to the north and the 
Luonan-Luanchuan Fault (LLF) to the south, belonged to the North China Block 
initially. Subsequently, this tectonic element was involved into the intra-continental 
deformation during the Mesozoic to Cenozoic (Zhang et al., 2000). The S-NCB 
comprises of the highly deformed and metamorphosed Neoarchean-Neoproterozoic 
plutonic basement rocks, overlaid by the Mesoproterozoic rift- related volcanic 
rocks, marine facies clastic and carbonate sequence, Uppermost Proterozoic tillite, 
and Cambrian-Ordovician passive continental margin successions. Moreover, 
numerous Cretaceous granitoid plutons intruded into the S-NCB (Mao et al., 2005; 
Li et al., 2006; Zhang et al., 2010). 
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2.1.2 Sutures 
The Shangdan suture, which was formed between the North China Block and South 
China Block by the closure of an Early Paleozoic ocean, is characterized by the 
discontinuously exposed ophiolitic melange. According to Dong et al., (2011a), the 
melange was metamorphosed intensively into greenschist to lower amphibolite 
facies in various area, such as Heihe and Danfeng area. Most investigations confirm 
that the Danfeng Group that consisted of the volcanic assemblages represents this 
ophiolitic melange (Zhang et al., 2001a; Dong et al., 1997). To the south of the 
Danfeng Group, the fore-arc prism (FAP) is bounded in the area between the 
Shangdan ophiolitic melange and the Devonian Liuling Group of the SQB (Figure 2-
3). The paper from Dong et al., (2011b) revealed that the material of the fore-arc 
sediments was only derived from the North Qinling terrane (Figure 2-4). 
Thisphenomena suggests that the deposition of the FAP is related to the subduction 
of the Shangdan Ocean. The U-Pb Zircon LA-ICPMS age has been published from 
the melange and the fore-arc sediments from the occurrence regions (Dong et al., 
2011b; Meng, 1994; Mei et al., 1999; Gao et al., 1995; Zhang et al., 2001). The 
tectonic evolution of the Shangdan Ocean has been constructed by the published 
geochronologic data into: the formation of Shangdan oceanic crust from ca. 534Ma 
to ca. 457Ma; the subduction of the Shangdan oceanic lithosphere along the southern 
edge of NQB from ca. 514 Ma to ca. 402 Ma; and the existence of the back-arc basin 
from ca. 508 Ma. to ca. 440Ma. The closure of the Shangdan Ocean in the Early 
Devonian is also listed in this process. 
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Figure 2-3 Simplified geological map of the Shangdan suture zone in Danfeng region 
(Chen et al., 2014) 
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Figure 2-4 Modified models for the original location of the FAS and the Liuling 
Group (Dong et al., 2013) 
The Mianlue suture, bounded the SQB to the north and the N-SCB to the south, is 
composite of the ophiolite suite, the oceanic island and island arc-related volcanic 
rocks (Zhang et al., 1996; Lai and Yang, 1997). The SQB originally belonged to the 
SCB. It was separated as a micro-block due to the opening of the Mianlue Ocean. 
Most researches indicate that the Mianlue suture has been formed after the closure of 
the Mianlue Ocean (Li et al., 2004; Dong et al., 2011b). Moreover, it was 
overprinted by the MBXF during the intra-continental tectonic evolution (Zhang et 
al., 2004b). According to a lot of revealed Zircon U-Pb LA-ICPMS age from the 
Mianlue suture, the evolution of the Mianlue Ocean has six stages. The First stage is 
the spread of the ocean from Mid-Devonian to Early Carboniferous. The second one 
is the development of the ocean during the Carboniferous, and the third is the 
subduction from Permian to Mid-Triassic. The fourth stage is the collision from the 
Mid-Triassic to the Late Triassic while the fifth is the extensional collapse from Late 
Triassic to Early Jurassic. The last stage in this evolution is the Middle Jurassic to 
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Cenozoic post-orogenic intra-continental tectonic events (Zhang et al., 2004b; Dong 
et al., 2011b, 2016). 
2.2 Stratigraphic Successions of FAS and the Liuling 
Group 
2.2.1 FAS 
The FAS (fore-arc sediments) unit locates between the Shangdan ophiolitic melange 
by the Shangdan suture zone to the north and the Liuling Group from the SQB by 
the Maanqiao-Mianyuzui ductile shear zone to the south. The compositions of the 
FAS include the metamorphosed clastic rock and meta-pelite with amphibolite, 
quartzite, and marble. In the Heihe region, the unit is recognizable as the isolated 
lenticular conglomerates with pebbles of gabbro, diorite, granite, amphibolite, 
quartzite, and marble (Dong et al., 2013, Meng and Zhang, 2000; Figure 2-5). In the 
Danfeng region, the highly deformed garnet amphibolite, quartzite, mica schist with 
lenticular marble can be observed within the meta-sedimentary rocks. The 
depositional environment is interpreted to be the fore-arc accretionary basin. The 
material of the sediments can only be derived from the North Qinling Belt. Many 
geochronological dating data have been published recently. For instance, the detrital 
zircon from the quartzite gives the young age of 455Ma, and the granitic pebbles 
under the conglomerate yield the crystallization age of 470±3Ma. Additionally, a 
mafic dyke intruded into the conglomerate presents an intrusive age of 435±7Ma 
(Dong et al., 2013). However, the depositional age of this unit is still unclear due to 
the lack of fossils. 
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Figure 2-5. Photographs showing the lithos of the FAS rock in Heihe region (photo 
from Mengmeng Qu). (a) and (b) deformed conglomerate, (c) meta-sandstone.  
2.2.2 Liuling Group 
The Liuling Group, located in the northern SQB, is bounded by the Maanqiao-
Mianyuzui dectile shear zone and the Shanyang-Fengzhen fault. The Liuling Group 
consists of the several kilometers thick turbidite sequences (Zhang et al., 2001). The 
group has been further divided into the Niuerchuan formation, Chigou formation, 
Qingshiya formation, Xiadonggou formation, and Tongyusi formation from the 
lower to the upper strata (Zhang et al., 2001). The lower Niuerchuan Formation 
consists of a layered ﬁne-grained to medium-grained size feldspathic quartz 
sandstone and quartz sandstone with minor siltstone and mudstone (Meng, 1994). 
Typical sedimentary structures such as the cross bedding are visible in this 
formation. The middle Niuerchuan Formation is composed of massive hummocky 
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cross-bedded sandstone, siltstone, and mudstone formed in a storm depositional 
environment (Meng, 1994; Zhang et al., 2001). The composition of the upper 
portion of the Niuerchuan Formation includes the massive sandstone, cross-bedded 
sandstone with parallel-stratiﬁcation and olistostromic sandstone. Sandstones with 
cross-bedded, massive, horizontal bedding and olistostromic structures are well 
developed in the Chigou Formation. Similar compositions of cross-bedded siltstone, 
ﬁne-grained sandstone, pelitic sandstone, graded-bedding lamellar siltstone, massive 
siltstone, sandstone and mudstone can be observed in the Qingshiya Formation and 
the Xiadonggou Formation. The Tongyusi Formation consisted of the cross- bedded 
fine-grain to medium-grain feldspathic quartz sandstone and quartz sandstone is 
deposited in tidal environment near the continental-shelf sedimentary system (Meng, 
1994). The outcrop of the Tongyusi Formation and the Niuerchuan Formation can 
only be observed in the Shanyang-Zhashui region, while the main body of the 
Liuling Group is constructed by the Chigou Formation and the Qingshiya 
Formation. In the Danfeng Region, Chigou Formation is named as Niangniangmiao 
Formation. 
In the study area of this thesis, the Danfeng region, the lithological characters of the 
Liuling Group record greenschist to low amphibolite facies metamorphism. 
Throughout the literature review and the field observation, the composition of the 
Liuling Group is the meta-sandstone, meta- greywacke, meta-pelite, and mica schist 
with marble (Figure 2-6).  
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Figure 2-6. Images showing the rock unit from the Liuling Group. (A) meta-
turbidite, (B) meta-sandstone, (C) garnet-rich mica schist, (D) marble, (E) quartz 
schist, (F) Inter-bedded withmarble and quartz schist  
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Chapter 3  
3 Structural analysis of the Liuling Group 
3.1 General Statement 
In summer 2015, fieldwork was conducted along five cross-sections that cut across the 
Liuling Group. The location of the field area is in the Danfeng-Shangnan region. These 
five cross-sections are here respectively referred to as the Maoligang cross-section, the 
Zhulinguan cross-section, the Lishangou cross-section, the Laopenggou cross-section, 
and the Wuguanhe cross-section from west to east (Figure 1-4). The outcrop exposure is 
generally excellent in all five cross-sections along the road cut. Large-scale structural 
mapping was conducted in these five drainage valleys based on topographical and 
previous published geological maps. Various fabric elements were observed. Both their 
overprinting and crosscutting relationships were recorded. Structural and lithologic 
samples were taken and structural data (measurement of fabrics such as foliation, 
lineation, fold axis, fold axial plane) were collected. The presentation of those structural 
data is through stereonet projection, which is the common method to plot the orientation 
data in structural geology and tectonics. 
To facilitate description, the whole map area is divided into the Mianyuzui High Strain 
Zone and the Liuling Group based on structural styles and the fabric characteristics. As 
shown in Figure 3-1, the Mianyuzui high strain zone and the Liuling Group, extending 
along the NWW-SEE direction, are parallel with the Shangdan Suture zone which is an 
important boundary separating the NQB and the SQB. In general, the Mianyuzui high 
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strain zone and the main structural features of the Liuling Group are parallel to the 
Qinling Orogen. 
 
Figure 3-1. Simplified geological map of Danfeng Region (Dong et al., 2011) 
3.2 Geometrical Analysis  
Field relations indicate two generations of deformation in the Liuling Group. These two 
generations are referred to as D1 and D2 deformations for the purpose of the study. 
Besides, two generations of deformation can also be identified in the Mianyuzui high 
strain zone and they are denoted by Da deformation and Db deformation. It will be 
demonstrated that both generations in the Mianyuzui high strain zone (Da and Db) 
comprise a progressive deformation coeval with D1 deformation outside the zone.  
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3.2.1 D1 deformation in the Liuling Group 
The significant structures of D1 are isoclinal folds (F1) that are associated with the 
occurrence of transposition foliation (S1) and other structures. 
 
F1 Folds 
In the map area, F1 folds can be recognized as non-cylindrical folds from the geological 
map (Figure 3-2) of the Liuling Group. Based on the geological map, the fold axes are 
trending NWW-SEE, parallel to the orogen. In addition, F1 folds are tight on the north 
side, while inter-limbs angle of F1 is larger on the southeast corner of the field area. 
28 
 
 
Figure 3-2. Simplified geological map of the study area showing the distribution of 
major F1 folds in the modified geological map 
On the outcrop scale, F1 parasitic folds can be used to recognize F1 folds hinge area in 
the meta-sedimentary rocks. The parasitic folds of F1, which are the asymmetric S-/Z- 
folds and symmetrical M- folds, are well preserved in the Liuling Group (Figure 3-3). 
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Figure 3-3. Photos showing the outcrop of the parasitic F1 folds in the meta-
turbidites of the Liuling Group (vertical N-S section). (a) & (b): F1 fold hinge area 
with asymmetrical S-/Z- folds and symmetrical M- fold; (c) & (d): F1 asymmetrical 
S- fold; (e): folded bedding with crenulation cleavage. Station number: (a) LSG01; 
(b) LSG01; (c) LPG03; (d) MFG01; (e) LPG02. (For a list of stations and their GPS 
coordinates, see Appendix A at the end of the thesis) 
Bedding (S0) folded by F1 has been measured for the purpose of structural analysis. The 
stereonet plot of poles to S0 can be interpreted as that S0 is usually dipping steeply to 
sub-vertically towards NNE or SSW, but might be inclined to sub-horizontally near the 
hinge area of F1 folds (Figure 3-4). Therefore, F1 folds are isoclinal folds, whose limbs 
are extremely long with tight inter-limb angle. 
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Figure 3-4. Lower hemisphere equal-area plot of the poles to bedding (S0) 
In the whole area, the hingelines of F1 folds define great circle girdles on stereonet plots 
(Figure 3-5). They suggest that F1 folds are non-cylindrical, and the fold axial planes are 
parallel to the orogen strike with variable hingeline plunging angles. F1 folds have the 
fold axial plane dipping steeply with mean strikes being ~120 or 290, which is parallel to 
the orogen (Figure 3-6). 
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Figure 3-5. Lower hemisphere equal-area plot of F1 fold hinge lines 
 
Figure 3-6. Lower hemisphere equal-area plot of F1 fold axial plane 
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Foliations 
S0: Bedding 
Bedding (S0) is easily recognizable in most outcrops where parasitic folds occur near the 
hinge area of isoclinal F1 folds. Primary structures, such as cross-bedding (Figure 3-7) 
and graded bedding, can be observed where the bedding is weakly deformed. They can be 
used as indicators of the younging direction. 
 
Figure 3-7. Field photo showing cross-bedded structure of bedding (S0) preserved in 
the Liuling Group (vertical N-S section). Station number: LPG16 
S1: crenulation cleavage, differentiated layering, and transposition foliation 
Foliations developed during D1 deformation can be observed. They occur as crenulation 
cleavage (S1c), differentiated layering (S1d), and transposition foliation (St1). S1c and 
S1d are well developed near the hinge area of F1 folds while St1 is mostly visible in the 
limbs of F1 folds (Figure 3-8). Crenulation cleavage and differentiated layering are 
defined by F1 folds axial plane when the transposition is weak. In general, three types of 
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foliation generated by D1 deformation share similar orientation, and they are plotted in 
one stereonet. Foliation (S1) is parallel to the overall trends of the orogen. S1 and S0 are 
commonly sub-parallel and both dip steeply to sub-vertically (Figure 3-9). When the 
transposition is well developed, S0 and S1 are hard to be distinguished. A progressive D1 
deformation can be observed in the Liuling Group, which includes transposition foliation, 
isoclinal folds, and crenulation cleavage. St1 is recognized as total transposed 
deformation process, while S1c represents an early step. 
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Figure 3-8. Field photos showing S1 foliation (vertical N-S section). (a) Crenulation 
cleavage, station number: LSG04; (b) Crenulation cleavage, LPG06; (c) 
Differentiated layering, WGH04; (d) Transposition foliation with folded bedding 
and crenulation cleavage showing that D1 is a progressive deformation, WGH 04; 
(e) Transposition foliation with folded bedding and crenulation cleavage showing 
that D1 is a progressive deformation, LPG03. 
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Figure 3-9. Lower hemisphere equal-area plot of the pole of S1 transposition 
foliation 
Lineations 
There are two types of lineations developed in D1 in the Liuling Group. One is a mineral 
lineation (denoted by L1m) defined by stretching mineral grains or mineral aggregates on 
S0 planes (Figure 3-10), and the other is an intersection lineation (L1f) between S0 and 
S1 (Figure 3-11). The stretching lineation (L1m) is often defined by the preferred 
alignment of amphiboles. L1m forms a cluster on the stereonet plot with steep plunging 
angles (Figure 3-12) close to the dipline of S0 planes. The intersection lineation between 
S0 and St1 is common in the limbs of F1; however, the intersection lineation, defined by 
S0 and S1c, is more commonly observed near the hinge area of F1. L1f is clustered into 
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two points on the stereonet (Figure 3-13) parallel to the orogenic belt. L1f plunges at 
~30° towards NWW or SEE. 
 
Figure 3-10. Field photo showing L1m stretching lineation on S0 bedding. Station 
number: WGH 03 
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Figure 3-11. Field photo showing L1f on S0 bedding. Station number: WGH 05 
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Figure 3-12. Lower hemisphere equal-area plot of the stretching lineation (L1m) 
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Figure 3-13. Lower hemisphere equal-area plot of the intersection lineation (L1f) 
3.2.2 The Mianyuzui High Strain Zone 
Mianyuzui high strain zone, located on the south side of the Shangdan Suture, separates 
the fore-arc prism from NQB and the Liuling Group from SQB (Fig. 3-1). The Mianyuzui 
high strain zone is consisting of mylonite. The original rock of the mylonite is sandstone. 
According to field observations, two generations of structures can be identified (Da and 
Db). The overall structure of Da deformation is a transposition foliation with isoclinal 
folds that plunge NWW or SEE (Figure 3-14). Db deformation develops asymmetrical 
folds with axes plunging NNE or SSW (Figure 3-15) and other structures.  
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Figure 3-14. Photos showing the structural elements developed by Da deformation 
in the high strain zone mylonite (horizontal section). (a) Isoclinal folds, station 
number: WGH01; (b) Transposition foliation, WGH01. A very fine- grained, well-
foliated rock has been developed by mylonitization 
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Figure 3-15. Field photos showing the asymmetrical folds developed by Db 
preserved in the high strain zone mylonite (horizontal section). (a) The transposition 
foliation folded by Db deformation as parasitic fold, station number: WGH01; (b) 
asymmetrical folds. A very fine- grained, well-foliated rock has been developed by 
mylonitization 
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The fabric generated by Da deformation is transposition foliation. As shown on the 
stereonet plot, the transposition foliation, which is dipping steeply sub-vertically towards 
NNE or SSW, is similar to St1 in the Liuling Group (Figure 3-16). Folds developed by Da 
are recognizable. The folds are tight to isoclinal with the fold axial plane that is parallel 
to the transposition foliation. Hence, the geometry of Da deformation is similar to D1 
deformation outside of the high strain zone in the Liuling Group. This is one of the 
evidences supported that Da belongs to D1 deformation, more details will be present in 
the following. 
 
Figure 3-16. Lower hemisphere equal-area plot of the pole to the transposition 
foliation in the high strain zone 
Various structures developed by Db can be observed on horizontal section. Db 
deformation produced entirely different style folds from D1 deformation in the Liuling 
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Group. Fb folds are asymmetrical folds with axial planes dipping steeply to sub-vertical 
towards NWW or SEE. Other structures can be observed with folds commonly, such as 
boudinage (Figure 3-17) and porphyroclast (Figure 3-18) on outcrop scale, porphyroclast 
(3-19) under the microscope. Besides, stretching mineral lineation, which is recorded in 
the Mianyuzui high strain zone, plunges sub-horizontally with the trend parallel to the 
orogenic belt. Db deformation is interpreted as sinistral deformation based on those shear 
sense indicators and Fb folds.  
 
Figure 3-17. Field photo showing the boudinage structure developed by Db 
preserved in the high strain zone mylonite (horizontal section). Station number: 
WGH01. Mylonitization reduces grain size of original rock, and produce a very fine 
grain, well-foliated rock. 
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Figure 3-18. Field photo showing porphyroclast preserved in the high strain zone 
(horizontal section).Field photo showing porphyroclast preserved in the high strain 
zone (horizontal section). Station number: WGH01. Mylonitization reduces grain 
size of original rock, and produce a very fine grain well-foliated rock. 
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Figure 3-19. Oriented mylonite thin sections showing porphyroclast in plane-
polarized light under the microscope: (a) garnet porphyroclast; (b) feldspar 
porphyroclast. Strike of transposition foliation is re-oriented into S-W direction. 
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These two generations of deformation in the Mianyuzui high strain zone are interpreted 
to belong to D1 generation of deformation in the Liuling Group. The main reason is that 
the transposition foliation generated by Da deformation is similar to the transposition 
foliation (St1) developed by D1 deformation. Both of them are dipping steeply towards 
NNE or SSW as illustrated by stereonet plots (Fig. 3-9, Fig. 3-16). The kinematics of 
both Da and D1 deformations are similar as well. Both of them, which develop orogen-
parallel shortening structures, suggest a compression in the direction of NNE-SSW. 
Besides, the metamorphic grade of these two deformations is similar. In addition, Db 
deformation, which develops asymmetrical folds, is interpreted as sinistral shearing. Db 
can be observed as a continuous deformation process with Da. The evidence is supported 
by the field observation, which includes the overprinting relationship between the 
transposition foliation developed by Da and the asymmetrical folds produced by Db. 
Asymmetrical folds occur as parasitic rootless folds in the transposition foliation. In 
addition, the similar metamorphic grade between Db and Da can be observed. Therefore, 
Da and Db are continuous deformation process.  
In summary, D1 deformation generates the shortening structures in both the Liuling 
Group and the Mianyuzui high strain zone. It also caused the sinistral shearing in the 
Mianyuzui high strain zone. More details about the kinematics will be discussed in the 
following section.  
3.2.3 D2 deformation 
Fabrics developed in the second generation of deformation (D2) are recumbent F2 folds 
with crenulation cleavage (S2) along F2 axial planes. They are observed in the Liuling 
Group only. The overprinting relationship between D1 fabrics and D2 fabrics can be 
51 
 
recognized on the outcrop-scale. However, D2 deformation has not been observed in the 
Mianyuzui high strain zone. The structures developed by D2 deformation are 
heterogeneous spatially. D2 deformation can be well recognized in the south part of the 
Maoligang cross-section and the Zhulinguan cross-section (Fig 1-4). Only a few D2 
fabrics can be observed in the southernmost of the Lishangou cross-section and the 
Laopenggou cross-section. In other words, D2 deformation becomes weaker northward 
where D1 deformation is well preserved.  
F2 Folds 
In the map area, F2 folds (Figure 3-20) are well developed in the south parts of the 
Zhulinguan cross-section and the Maoligang cross-section. Toward NNE, F2 folds are 
weakly developed. 
On the outcrop scale, F2 folds are characteristically cylindrical, recumbent, and with 
short limbs. Moreover, the enveloping surfaces of F2 are generally steep to almost 
vertical, where the F2 are well developed. Weakly developed F2 folds have larger inter-
limb angles (Figure 3-21).  
F1 and F2 folds have different styles and orientations. F1 parasitic folds and F2 folds can 
be distinguished when they are present on the same outcrop with overprinting 
relationship (Figure 3-22). 
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Figure 3-20. Field photos showing the well- developed F2 folds preserved in the 
meta-turbidite (vertical N-S section). Station number: (a) Siping02; (b) 
Zhulinguan04; (c) Zhulinguan03; (d) Siping 03 
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Figure 3-21. Field photos showing the weakly developed F2 folds (vertical N-S 
section). Station number: (a) near the Zhulinguan01, (b) LSG08, and (c) LSG07. 
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Figure 3-22. Field photo showing the overprinting relationship between F1 folds and 
F2 folds on outcrops (vertical N-S section). Station number: Siping03. 
S0 and S1 on the south side of the Maoligang cross-section and Zhulinguan cross-section 
were deformed by D2. It is difficult to distinguish S0 and S1 when D2 deformation is 
well developed. Either S0 or S1 is generally dipping sub-horizontal towards NNE or 
SSW.  
In the whole area, the trending NWW-SEE F2 fold hingelines are clustered into two 
points on the stereonet plot (Figure 3-23). According to the stereonet plot, F2 folds are 
plunging consistently parallel to the Qinling Orogen. F2 folds have the fold axial plane 
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dipping shallower (~10 to 20) with the strike (~120 or 290) which is parallel to the 
orogen as well (Figure 3-24). 
 
Figure 3-23. Lower hemisphere equal-area plot of F2 fold axes 
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Figure 3-24. Lower hemisphere equal-area plot of the pole to F2 fold axial plane 
 
Foliations 
Crenulation cleavage (S2), defined by F2 folds axial plane, develops near the hinge area 
of F2. In general, S2 is parallel to the overall trends of the Shangdan Suture. S2 are 
commonly dipping shallowly to sub-horizontally (Figure 3-25), but might be inclined 
when D2 deformation is weak.  
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Figure 3-25. Lower hemisphere equal-area plot of S2 crenulation cleavage 
 
Lineations 
Lineations (L2) are produced by D2 deformation, parallel to F2 fold hingelines. There are 
two types of L2 lineations. The first type is a mineral lineation on S0 planes, and the 
second one is defined by crenulation lineation on S0 or S1 (Figure 3-26). F2 hingelines 
commonly define a significant L-tectonite. A detailed discussion about the L-tectonite 
will be present in the next section. The overprinting relationship between the lineation 
defined by hinge lines of F2 folds and the intersection lineation (L1f) can be recognized 
on the outcrop scale (Figure 3-27). L2 has similar trends (~290 or 120) parallel to the 
orogen with nearly horizontal plunging angles (Figure 3-28). 
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Figure 3-26. Field photo showing L2 lineation defined by crenulation lineation on S0 
bedding. Station number: Zhulinguan03 
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Figure 3-27. Field photo showing the overprinting relationship between L2 and L1f 
on S0 bedding. L2 is defined by F2 hinge lines, which plunge more steeply than L1f. 
Station number: Siping02 
 
63 
 
 
Figure 3-28. Lower hemisphere equal-area plot of the L2 lineation  
 
L-tectonite 
The definition of L-tectonite is a rock with a strong linear fabric but with poor or non-
planar fabrics (e.g., Sullivan, 2003). In the map area, L-tectonite, which is generated by 
D2 deformation, is defined by F2 hingelines (Figure 3-29). On the south part of the 
Maoligang cross-section and the Siping cross-section, the L-tectonite is well exposed 
from outcrop-scale to several tens of meters. 
Based on field observations, the geometrical character of L-tectonite is significant in rod-
shaped with well-developed F2 hingelines. The long axis of the L-tectonite is parallel 
with the trend of the orogenic belt.  
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Figure 3-29. Field photos showing the L-tectonite preserved in the Liuling Group 
(vertical N-S section). Station number: (a) Zhulinguan02; (b) Zhulinguan01; (c) 
Zhulinguan02. 
3.3 Map scale overprinting between F1 and F2 
Based on the presented structural analysis, a kinematics evolution of the local map area 
can be proposed. The kinematics of the deformation is described below, which refers to 
the current geographic coordinates since the crustal blocks have undoubtedly been rotated 
during and after the deformation. As two generations of deformation have been 
recognized, the kinematics of each event is discussed in detail in the following section. 
Block diagram and cross-sections have been prepared for the map area, showing 
important kinematic data as well as fabric elements, such as foliation (Figure 3-30 Figure 
3-31 Figure 3-32, Figure 3-33, Figure 3-34, Figure 3-35). 
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Figure 3-30. Overprinting relationship of D1 and D2 along the Siping-Maoligang 
Cross-section  
 
Figure 3-31. Overprinting relationship of D1 and D2 along the Zhulinguan Cross-
section  
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Figure 3-32. Overprinting relationship of D1 and D2 along the Lishangou Cross-
section  
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Figure 3-33. D1 along the Laopenggou Cross-section  
 
 
Figure 3-34. D1 along the Wuguanhe Cross-section  
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Figure 3-35. Block diagram of the study area showing the overprinting of D1 and D2 
deformations  
  
Line of sight: 30◦, 030◦ 
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3.4 Kinematic Interpretation 
3.4.1 Transpression and Accompanying Crustal Thickening 
D1 deformation of the local study area is the NNE-SSW transpression deformation 
accompanying crustal thickening. The NNE-SSW oblique convergence is partitioned into 
a sinistral strike-slip dominated shear within the Mianyuzui high strain zone and an 
across-strike shortening that affected the whole study area.  
3.4.1.1  NNE-SSW compression in the Liuling Group and 
Mianyuzui high strain zone 
The dominant structural features of the shortening deformation are isoclinal folds (F1) 
and transposition foliation (St1) in both the Liuling Group and the Mianyuzui high strain 
zone.  
F1 folds are isoclinal folds with long limbs presented in the Liuling Group. In the north 
part of all five cross-sections, F1 folds are well recognized (Figure 3-30, Figure 3-31, 
Figure 3-32, Figure 3-33, Figure 3-34). In the southernmost of the Lishangou and 
Laopenggou cross-sections, F1 folds are overprinted by F2 folds (Figure 3-32, Figure 3-
33). F1 folds are hard to recognize on the south side of Maoligang and Zhulinguan cross-
sections because of the well development of D2 deformation. In the map area, F1 folds 
can be recognized as non-cylindrical folds from the geological map (Figure 3-2) of the 
Liuling Group. According to previous structural data, the isoclinal F1 folds are plunging 
variably from sub-vertical to sub-horizontal towards NWW or SEE (Figure 3-5) with the 
fold axial plane dipping sub-vertically towards NNE or SSW (Figure 3-6). This suggests 
that F1 folds are non-cylindrical folds. Stretching lineation (L1m) (Figure 3-12), which is 
defined by preferred aligned amphibole on the folded bedding, is plunging steeply 
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towards NNE along the axial plane perpendicular to the orogenic belt. Foliation 
generated by D1 includes crenulation cleavage (S1c), differentiated layering (S1d), and 
transposition foliation (St1). S1c and S1d (Figure 3-8), which are defined by F1 axial 
plane when the transposition is weak, have similar orientation as St1 (Figure 3-8). They 
dip steeply towards NNE or SSW (Figure 3-9). D1 deformation is a progressive process 
(Figure 3-8d), because transposition foliation, differentiated layering, and crenulation 
cleavage can be recognized as a continuous deformation in the Liuling Group. St1 is 
recognized as total transposed deformation process, while S1c represents an early step. 
All of the structural data indicate that D1 deformation in the Liuling Group is a 
compression deformation. The compression direction is NNE-SSW, which is 
perpendicular to the orogen.  
The structural elements developed by D1 in the Mianyuzui high strain zone are 
transposition foliation and isoclinal folds. The transposition foliation is dipping steeply 
towards NNE or SSW (Figure 3-16). In the horizontal section, isoclinal folds have 
hingelines plunging towards NWW or SEE (Orogen-parallel) and the fold axial plane is 
dipping steeply towards NNE or SSW (Figure 3-14). Hence, the geometry of Da 
deformation is similar to D1 deformation outside of the high strain zone in the Liuling 
Group. The kinematics of both Da and D1 deformations are similar as well. Both of them, 
which develop orogen-parallel shortening structures, suggest a compression in the 
direction of NNE-SSW. Besides, the metamorphic grade of these two deformations is 
similar. 
In summary, D1 deformation is a progressive deformation, which develops isoclinal 
folds, crenulation cleavage, differentiated layering, and transposition foliation. The place, 
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which is total transposed, is recognized as high strain zone. Therefore, the first generation 
of deformation of this map area including the high strain zone and the Liuling Group was 
under the NNE-SSW compression, and this event led to the crustal thickening.  
3.4.1.2  Sinistral shear in the high strain zone 
The dominant structural features of the sinistral shear are the asymmetrical folds and 
different types of shear sense indicators. The asymmetrical folds have different styles 
against F1 folds. The fold hingelines of the asymmetrical folds are plunging towards 
NNE or SSW while the fold hingelines of F1 folds are plunging towards NWW or SEE. 
The fold axial planes of asymmetrical folds are dipping towards NWW or SEE, while the 
fold axial planes of F1 folds are dipping towards NNE or SSW. Meanwhile, there are 
significant shear sense indicators and horizontally stretching mineral lineation can be 
recognized within the high strain zone (Figure 3-15). Hence, Db deformation is suggested 
as sinistral shear deformation. 
Asymmetrical folds occur as parasitic rootless folds in the transposition foliation. In 
addition, a similar metamorphic grade between shearing deformation and shortening 
deformation can be observed. Therefore, the sinistral shearing is considered as a 
continuous deformation with compression deformation of Da. Moreover, Da deformation 
is a progressive deformation with D1. Hence, both generations in the Mianyuzui high 
strain zone (Da and Db) comprise a progressive deformation coeval with D1 deformation 
outside the zone.  
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3.4.1.3 Tectonic environment 
According to field observation, structural data, and overall geometrical pattern, the first 
generation of deformation develops a sinistral shearing within the high strain zone and an 
across-strike shortening that affected the whole study area. This transpressional pattern is 
similar to the San Andreas Fault. Further discussions on the comparison between the 
transpressional event in the study area and the San Andreas Fault will be presented in 
Chapter 5. 
3.4.2 NWW-SEE Extension and Accompanying Crustal Thinning  
D2 deformation of the local study area is the NWW-SEE extension caused by crustal 
thinning. This extensional deformation initiated the recumbent folds, the L-tectonite, and 
other structures. They can be observed only in the Liuling Group. The structures 
developed by D2 deformation are heterogeneous spatially. D2 deformation can be well 
recognized in the south part of the Maoligang cross-section and the Zhulinguan cross-
section (Fig 1-4). Only a few D2 fabrics can be observed in the southernmost of the 
Lishangou cross-section and the Laopenggou cross-section. 
3.4.2.1  Interpreting the Structural Data 
The dominant structural feature of the second generation of deformation is the recumbent 
folds (F2). In the map area, F2 folds (Figure 3-20) are well developed in the south part of 
the Zhulinguan cross-section and the Maoligang cross-section. Toward NNE, F2 folds are 
weakly developed. Based on field observation, the characteristics of F2 recumbent folds 
on the outcrop scale are cylindrical with short limbs. The envelope plane of folded 
foliation dips steeply to vertically. The plot of the hingelines of F2 folds (Figure 3-23) 
shows the trend along NWW-SEE is parallel to the orogenic belt with a certain plunge 
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angle, which is different from F1 fold axis (Figure 3-5). The plot of F2 axial plane is 
simply with a shallow dipping angle towards NNE-SSW perpendicular to the trend of the 
orogenic belt (Figure 3-24). The lineation, which is generated by D2 deformation, has the 
trend almost horizontally parallel to the orogenic belt (Figure 3-28). The L-tectonite, 
defined by F2 hinge lines is presented (Figure 3-29). All of these structural features are 
recognized as extension structures, which are only parallel with the trend of the orogen. 
These structural features are well developed under the vertical shortening. Meanwhile, 
there is no evidence suggesting that the crustal thinning produce extensional structures in 
other directions. Therefore, the structural data indicated that the second generation of 
deformation was produced during the strike extension and vertical shortening of the QOB.  
3.4.2.2  Crystallographic Preferred Orientation of Quartz from L-
tectonite 
Crystallographic Preferred Orientation (CPO) in naturally and experimentally deformed 
rocks has been studied, in order to provide some better constraints on the microscopic 
mechanisms. The microscopic mechanisms drive deformation and recrystallization of 
geologically important materials (for quartz, see Law 1990; Heilbronner & Tullis, 2002). 
The optical petrographic microscope equipped with a universal stage has been used to 
undertake a fabric analysis. Quartz c-axis orientations from L-tectonite were measured to 
study the movement of the emplacement. In this thesis, the orientations were measured 
using a U-stage attached to a Leitz microscope (Figure 3-36). Appendix B contains all of 
the measurement data at the end of this thesis.  
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Figure 3-36.Photo showing the structure of U-stage 
C-axis patterns, shown in Figure 3-37, had been measured from the oriented samples 
collected from the L-tectonite. The L-tectonite is developed by D2 deformation. The C-
axes, which have maxima dominant in the periphery of the stereonet of the quartz grains, 
indicate that the quartz basal <a>- slip is significant in the L-tectonite. C-axis pattern, 
which is shown in the Figure 3-40a, is the cross-girdle indicating the low-middle 
deformation temperature. From the cross-girdle, type I is shown in this plot. Further 
illustrations of this plot are the hanging wall moves toward the west and the footwall 
moves to the east side, because of the orientation of the fabrics, which are shown in 
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sample (a). The flinn diagram shows the relation between the geometry of the LPO 
patterns of quartz c-axes and the strain in the deformation (Passchier and Trouw, 2005, 
Figure 3-38). According to the flinn diagram, the c-axis patterns indicate the plane strain 
for the L-tectonite. The C-axis LPO patterns are consistent with the kinematics of the 
local second generation deformation. The crustal thinning causes D2 deformation, which 
is the extension in the NWW-SEE. 
 
 
A 
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Figure 3-37.Stereonet plot showing the LPO of the quartz c-axis from l-tectonite 
 
 
Figure 3-38. The stereograms showing four types of contoured LPO patterns of 
quartz c-axes (grey contours) and a-axes (striped ornament) with increasing 
metamorphic grade in the case of non-coaxial progressive deformation (Passchier 
and Trouw, 2005) 
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3.4.2.3  Tectonic environment 
Combining field observations, structural data, quartz c-axis LPO pattern, and overall 
geometrical pattern, the second generation of deformation is an extension in the NWW-
SEE direction. The characteristics of this event are L-tectonite and recumbent F2 folds. 
Hence, the NWW-SEE escape structure was only produced by vertical thinning. The 
escape direction illustrated by the quartz c-axis shows that the hanging wall moves 
relatively towards west and the footwall to the east side. In fact, it is possibly caused by 
the hanging wall moves slower towards eastside than the footwall. There are two reasons 
for the extension deformation led by the crustal thinning. The first one is the constraint in 
NNE-SSW direction (Orogen normal). The other one is the opening in the east side 
where the Paleo-Pacific Ocean occurred. In Chapter 5, further discussions on D2 
deformation are related to the regional tectonic history.  
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Chapter 4  
4 Geochronologic Analysis  
4.1 Introduction 
Reconstructing the deformation history of poly-deformed, metamorphic terrane requires 
detailed field mapping and geochronological study. Field mapping is a method of 
revealing the structural geometry and overprinting relationships. Geochronological study 
can be coupled with structural analysis to determine the timing of deformation. Field 
mapping of the area was done and the study was presented in Chapter 3. The purpose of 
this chapter is to try to determine the timing of each deformation phase. 
Currently, zircon is among the most commonly used geochronometers in metamorphic 
rocks due to its presence over a wide range of rock compositions and high closure 
temperature for chemical diffusion (Cherniak et al., 1991, 1997; Cherniak and Watson, 
2000; Hoskin and Schaltegger, 2003). I use zircon dating to constrain the timing of each 
deformation phase. Zircon dating is carried out using the method of laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS) 
Igneous intrusions are rare in the Liuling Group. I was able to recognize four pegmatite 
dikes in the field, and samples collected were used to constrain the age of the 
deformations. The locations of all sampled pegmatite dikes are shown in the Figure 4-1. 
Samples LSG1520 (Figure 4-2) and LSG01 (Figure 4-3) were collected in the Lishangou 
cross section. Sample LPG22 (Figure 4-4) was collected in the Laopenggou cross section, 
while sample 12 (Figure 4-5) was sampled along the roadside from the town of Danfeng 
to the Zhulinguan cross-section. These four samples contain (minerals given in order of 
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decreasing content) quartz, feldspar, and biotite. For all the pegmatite dikes, it was 
difficult to determine whether they are deformed or not due to their small sizes (less than 
30cm in width and less than 1m in length). In this situation, I prefer to classify LSG1520 
and LPG22 into deformed pegmatite dikes based on the field observation. LSG01 (Figure 
4-2) and No. 12 pegmatite dikes (Figure 4-5) crosscut transposition foliation on the 
outcrop scale. However, it is still hard to determine whether they are deformed or 
underformed dikes because of the small scale of these two dikes. As shown in Figure 4-3, 
the pegmatite dike (LSG1520) occurs as boundinage while transposition foliation (St1) 
can be observed in the host rock. The grain size reduction texture can be observed in the 
Pegmatite dike (LPG22), and this dike has been transposed with country rock (Figure 4-
4). As observed from the Figure 4-1, these four pegmatite dikes are occurred where D1 
deformation is well preserved. In other words, the zircon ages from these four pegmatite 
dike might be related to constrain the timing of D1 deformation. D2 deformation has no 
effect on these four pegmatite dikes.  
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Figure 4-1. Simplified geological map showing the location of four dated samples. 
Station number: LSG01, LSG1520, LPG22, 12. 
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Figure 4-2. Field photo showing pegmatite dike (LSG01). Station number: LSG01 
(For a list of stations and their GPS coordinates, see Appendix A at the end of the 
thesis) 
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Figure 4-3. Field photo showing pegmatite dike (LSG1520). Station number: 
LSG1520 
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Figure 4-4. Field photo showing pegmatite dike (LPG22). Station number: LPG22 
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Figure 4-5. Field photo showing pegmatite dike (12). Station number: 12 
However, no geochronology data related to the D2 deformation has been explored or 
recorded in this region. In this thesis, I was not able to recognize a pegmatite dike, which 
cut across D2 in field. For the future works, it is recommended to obtain geochronologic 
data to constrain the timing of the D2 deformation. 
4.2 Analytical methods 
In this thesis, detailed laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) U-Pb zircon analysis was used, associated with cathodoluminescence (CL) 
imaging. The CL images reflect magmatic and metamorphic zircons from the 
undeformed and deformed dikes in the Danfeng region. The zircon U-Pb data was used to 
determine the timing of magmatism and metamorphism. The major processes are 
summarized as follows: 
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Zircon separation: Samples were processed by crushing, initial heavy liquid separation, 
and subsequent magnetic separation. Zircons were handpicked and mounted. After that, 
zircons were polished to half of their thickness. Photos of the zircons in transmitted and 
reflected light were taken for further analysis. This process was completed at Xi’an 
Lucky-stone Geological Service, China. 
CL imaging: The mounts were cleaned and coated with gold for better conduction of 
electricity. CL image of zircon was conducted by using a Quanta 400FEG environmental 
scanning electron microscope equipped with an Oxford energy dispersive spectroscopy 
system and a Gatan CL3+ detector at the Northwest University, China. Previous studies 
(e.g. Koschek, 1993; Geisler and Pidgeon, 2001; Nasdala et al., 2002) suggested that the 
internal morphology of zircons was one of the key elements to distinguish magmatic 
zircons from metamorphic zircons. Magmatic zircons often occurred with oscillatory 
zoning or grains with oscillatory-zoned cores. Metamorphic zircons occurred either as 
recrystallization/overgrowth rims around magmatic zircon cores or as multifaceted, 
structureless single grains. Therefore, the internal structures of zircon grains will help to 
select representative zircon grains as well as appropriate spot for the LA-ICP-MS U-Pb 
dating analysis. 
LA-ICP-MS U-Pb dating: U-Pb zircon analyses were conducted on a laser-ablation 
system with an Agilent 7500a ICP-MS instrument equipped with a 193 nm ArF excimer 
laser at the Northwest University, China. The laser beam of 35 μm in diameter and 
repetition rate of 7 Hz was adopted throughout the whole study. Helium was used as 
carrier gas to provide efficient aerosol to the torch. U, Th, and Pb concentrations were 
calibrated using the standard silicate glass NIST SRM 610 as an external standard and 
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29Si as an internal standard. Every six analyses were followed by two analyses of 
standard zircon 91500 and every 12 analyses were followed by measurements of GJ-1 
and NIST SRM 610. 
207
Pb/
206
Pb, 
206
Pb/
238
U, 
207
Pb/
235
U, and 
208
Pb/
232
Th ratios were 
calculated using GLITTER 4.0 (Macquarie University, Sydney, Australia). Afterwards, I 
have corrected instrumental mass bias, depth-dependent elemental and isotopic fraction 
by using the Harvard standard zircon 91500 as external standard. 
Data processing and interpretations: Concordia diagrams and weighted mean U-Pb ages 
were processed by using ISOPLOT 3 (Ludwig, 2003). Age data and concordia plots were 
reported at 2σ error, while the uncertainties for weighted mean ages were at 95% 
confidence level. Combining U-Pb zircon age results with CL images enables the 
resolution of magmatic and metamorphic events recorded in the Liuling Group. 
4.3 Geochronology result 
4.3.1 Sample LSG01 
Thirty-two spots from sample LSG01 were analyzed. Based on the 
207
Pb/
206
Pb ages, 
zircons cluster into a dominant population and a minor population. The spot 13 represents 
a minor population of zircon age. U-Pb data of the zircon in the dominated population 
plot either on or very close to the concordia in the concordia diagram (Figure 4-6). 
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Figure 4-6. Zircon U-Pb concordia diagram for sample LSG01 
All zircons have low Th/U ratios (<0.35, Figure 4-7). Spot 13 plots away from the 
concordia curve with low Th/U ratio (0.2). As shown on CL image, the spot is located in 
the core of the zircon with no zoning structure (Figure 4-8). This spot records a 
metamorphic growth/alteration around ca. 1100 Ma, and this zircon is considered as an 
inherited zircon. 
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Figure 4-7. Th/U ratios at 32 analysis spots of the zircons in sample LSG01 
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Figure 4-8. CL graph of the dated zircons from sample LSG01 
Zircons with dominated populatation generally plot near the concordia curve and have 
low Th/U ratio as well. Analyses were performed on either cores or rims of zircons. 
Dated zircons are considered as magmatic zircons or metamorphic zircons based on their 
internal structure reflected on CL images (Figure 4-8). In this sample, magmatic zircons 
display clean oscillatory zoning structure, whereas the metamorphic zircons show weak 
or no zoning structure. U-Pb data from the magmatic zircons and metamorphic zircons 
yield similar weighted average 
206
Pb/
238
U ages of 425.1±4.8 Ma (Mean Squared 
Weighted Deviation MSWD= 2.4, Fig. 4-9a) and 427.3±2 Ma (MSWD= 0.28, Fig. 4-9b), 
respectively. Magmatic zircons show some similar rare earth element (REE) patterns 
(Fig. 4-10), characterized by a steeply-rising slope from the light REE (LREE) to the 
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heavy REE (HREE) with positive Ce anomaly and negative Eu-anomaly. Metamorphic 
zircons reported here show similar REE patterns as typical metamorphic zircons with 
high heavy rare earth elements (HREE) concentration, positive Ce, and negative Eu 
anomaly (Fig. 4-10). The 
206
Pb/
238
U ages and REE patterns reflect a magmatic event 
occurred with a metamorphic event around 426 Ma (Fig. 4-11). However, the youngest 
age of magmatic zircons presented here does not imply the time of pegmatite intrusion 
because these magmatic zircons are interpreted as inherited zircons. More details are 
discussed in the next section. 
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Figure 4-9.Weighted mean average age from dominated population in sample 
LSG01: (a) magmatic zircons, (b) metamorphic zircons 
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Figure 4-10. Chondrite-normalized REE with dominated population in sample 
LSG01: (a) magmatic zircons, (b) metamorphic zircons 
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Figure 4-11. Relative probability graph for LA-ICP-MS analyses of the zircon 
crystals from sample LSG01 
4.3.2 Sample LSG1520 
Thirty-five spots from sample LSG1520 were analyzed. Based on the relative probability 
(Figure 4-12), zircons fall into several populations. The zircons from the dominated 
youngest age have been used to calculate the 
206
Pb/
238
U weighted mean average ages, and 
the older ages of zircons are interpreted as the inherited zircons. U-Pb data of the zircon 
zones in the youngest generation plot either on or very close to the concordia in the 
concordia diagram (Figure 4-13). 
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Figure 4-12. Relative probability graph for LA-ICP-MS analyses of the zircon 
crystals from sample LSG1520 
 
Figure 4-13. Zircon U-Pb concordia diagram for sample LSG1520 
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Zircons in the youngest group have a high Th/U ratio (≥0.4, Figure 4-14). Analyses were 
performed on either cores or rims of zircons. According to the illustrations of the CL 
image, all of these zircons are considered as magmatic zircons because they present clean 
oscillatory zoning or oscillatory zoned structure (Figure 4-15). U-Pb data from zircons 
yield a weighted mean 
206
Pb/
238
U age of 431.4±5.2 Ma (Mean Squared Weighted 
Deviation MSWD= 4.9, Figure 4-16). Magmatic zircons show some similar rare earth 
element (REE) patterns (Figure 4-17), characterized by a steeply rising slope from the 
LREE to the HREE with a positive Ce anomaly, and negative Eu-anomaly. This is a 
typical REE pattern for unaltered igneous zircons. The 
206
Pb/
238
U ages and REE patterns 
reflect a magmatic activity occurred around 431.4Ma. Nevertheless, the youngest age of 
the magmatic zircons cannot state the age of the crystallization of this pegmatite dike, 
further discussions are presented in the next section. 
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Figure 4-14. Th/U ratios at 15 analysis spots of the zircons from youngest group in 
sample LSG1520 
 
Figure 4-15. CL graph of the dated zircons from sample LSG1520 
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Figure 4-16. Weighted average age at 15 analysis spots of the zircons from youngest 
group in sample LSG1520 
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Wtd by data-pt errs only, 0 of 15 rej. 
MSWD = 4.9, probability = 0.000 
(error bars are 2s) 
data-point error symbols are 2s 
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Figure 4-17. Chondrite-normalized REE patterns at 15 analysis spots of the zircons 
from youngest group in sample LSG1520 
4.3.3 Sample 12 
Twenty-nine spots from sample No. 12 have been analyzed. Based on the 
206
Pb/
207
Pb 
ages (Figure 4-18), zircons fall into two groups: spot 21 in group A and the others in 
group B. U-Pb data of the zircon zones in both group A and group B plot either on or 
very close to the concordia in the concordia diagram. 
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Figure 4-18. Zircon U-Pb concordia diagram for sample 12 
Spot 21 in group A plots on the concordia curve with high Th/U ratio (~0.95, Figure 4-
19). In addition, the spot is located in the core of the zircon where the magmatic zircons 
display clean oscillatory zoning structure (Figure 4-20). This spot records a magmatic 
event around ca. 800 Ma. and is considered as an inherited zircon.  
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Figure 4-19. Th/U ratios of the zircons in sample 12 
 
Figure 4-20. CL graph of the dated zircons from sample 12 
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Zircons in group B plot near the concordia with a relatively low Th/U ratio (<0.3). 
Analyses were performed either on cores or rims of zircons. Selected zircons are 
considered as magmatic zircons with euhedral shape and oscillatory zoning structure on 
the basis of the CL images (Figure 4-20). Those zircons were grown during a magmatic 
event. U-Pb data from the magmatic zircons yields a weighted mean 
206
Pb/
238
U age of 
373.8±0.76 Ma (Mean Squared Weighted Deviation MSWD= 0.8, Figure 4-21). 
Magmatic show a similar rare earth element (REE) pattern (Figure 4-22), charaterized by 
a high concentration of HREE with positive Ce and negative Eu anomaly. The 
206
Pb/
238
U 
ages and REE patterns reflect a magmatic event at around 373.8 Ma (Figure 4-23). 
 
Figure 4-21. Weighted average age of the zircons from group b in sample  
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Figure 4-22. Chondrite-normalized REE patterns of the zircons from group B in 
sample  
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Figure 4-23. Relative probability graph for LA-ICP-MS analyses of the zircon 
crystals from sample  
 
4.3.4 Sample LPG22 
Thirty-five spots from sample LPG22 have been analyzed. Based on the relative 
probabilities (Figure 4-24), zircons fall into several populations. The zircons with the 
youngest age have been used to calculate the 
206
Pb/
238
U weighted mean ages. The older 
ages of the zircons are interpreted as the inherited zircons. U-Pb data of the zircon zones 
in the youngest generation plot either on or very close to the concordia in the concordia 
diagram (Figure 4-25). 
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Figure 4-24. Zircon U-Pb concordia diagram for sample LPG22 
 
Figure 4-25. Zircon U-Pb concordia diagram for sample LPG22 
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Zircons in the youngest population commonly have a high Th/U ratio (Figure 4-26). 
However, several spots, which are characterized by low Th/U ratio but high Th and U 
contents (Figure 4-27), suggest typical magmatic zircon with anomalous Th/U ratios. 
Referred from the CL images (Figure 4-28), the rims of zircons with clean oscillatory 
zoning structure were selected for analysis, because these zircons were considered to be 
crystallized at the time of pegmatite intrusion. Isoplot data from these zicrons yields a 
weighted mean 
206
Pb/
238
U age of 429.3±2.9 Ma (Mean Squared Weighted Deviation 
MSWD= 1.5, Figure 4-29). Magmatic zircons show some similar rare earth element 
(REE) patterns (Figure 4-30), which characterized by a steeply rising slope from the 
LREE to the HREE with positive Ce anomaly and negative Eu-anomaly. The REE 
pattern is a typical REE pattern for unaltered igneous zircon. The 
206
Pb/
238
U ages and 
REE patterns reflect the crystallization of magmatic zircon at around 429 Ma. However, 
the youngest age obtained in this sample does not present the crystallization of this 
pegmatite dike, more details are discussed in the next section. 
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Figure 4-26. Th/U ratios at 16 analysis spots of the zircons from youngest group in 
sample LPG22 
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Figure 4-27. U, Th concentrations at 16 analysis spots of the zircons from youngest 
group in sample LPG22 
 
 
Figure 4-28. CL graph of the dated zircons from sample LPG22 
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Figure 4-29. Weighted average age at 16 analysis spots of the zircons from youngest 
group in sample LPG22 
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0.084 (error bars are 2s) 
data-point error symbols are 2s 
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Figure 4-30. Chondrite-normalized REE patterns at 16 analysis spots of the zircons 
from youngest group in sample LPG22. 
4.4 Correlation of ages and deformations 
Summarizing all peak ages of each sample from all four pegmatite dikes, the following 
populations can be observed: 373.8Ma, ca. 425.1Ma, ca. 427.3Ma, ca. 429.3Ma, ca. 
431.4Ma, ca. 580Ma, ca. 682Ma, ca. 770Ma, ca. 803Ma, ca. 846Ma, ca. 940Ma, ca. 
962Ma, ca. 1104Ma, ca. 1560Ma, and ca. 2654Ma. The ages of each zircon clustered into 
four distinct groups (373.8 Ma, 400-600Ma, 770-850Ma, and 900-1100Ma) and several 
minor populations. The youngest ages from Sample LSG01, LPG22, and LSG1520 (ca. 
425.1Ma, ca. 427.3Ma, 429.1Ma and 431.4Ma) obtained from magmatic zircons or 
magmatic zircons of deformed dikes cannot represent the emplacement of the pegmatite 
dikes. According to Dong et al. (2013), the youngest age of the detrital zircons from the 
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Liuling Group limited the deposition of the Liuling Group until ca. 401Ma. Hence, these 
four ages are interpreted as the ages of inherited zircons. Meanwhile, all the ages of dated 
zircons, which are older than ca. 401Ma, can be interpreted as the ages of the inherited 
zircons. 
Moreover, the ages of the inherited zircons from all four dikes reveal some information. 
In those samples, zircons with age older than ca. 600Ma are generally magmatic zircons. 
Comparing the ages of inherited zircons with the ages obtained from detrital zircons of 
the Liuliing Group (Dong et al., 2013), several interesting phenomenon can be 
recognized. 
Firstly, the distributions of the age population from inherited zircons are subsets of the 
age clusters obtained from the detrital zircons of the Liuling Group (Figure 4-31). 
Therefore, the geochronological data of four sampled pegmatite dikes confirm the 
accuracy of the detrital zircon dating from the Liuling Group in Dong et al. (2013). 
Hence, detailed interpretation of the ages from inherited zircons are summarized below as: 
the ages (680Ma and 770Ma) are consistent with the ages of the basement of the SQB, 
which are characterized by the up-rift volcanic rock with the ages of ca. 755-780Ma and 
ca. 685Ma (Ling et al., 2010). Based on lots of geochronologic data collected by Dong et 
al. (2013), the groups of ages from ca. 900Ma to ca. 1000Ma could only be derived from 
the North Qinling Belt, because it was the only igneous rock produced during this period. 
In addition, the provenance of the population ages from ca. 600 to 800Ma is undisputed 
from the NQB (Dong et al., 2013). Therefore, the geochronologic data of the inherited 
zircons indicates that the original material of the Liuling Group is derived from both the 
NQB and the SQB. The depositional history of the Liuling Group could be interpreted as 
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following three steps. Firstly, the sediments were only from the SQB before the closure 
of the Shangdan Ocean. The second step was that the deposition of the Liuling Group 
maintained after the collision of the NQB and SQB. Eventually, the sediments of the 
Liuling Group were transported from both the NQB and the SQB after the amalgamation 
of these two tectonic elements. 
Secondly, there is only one exception of the similarity between the ages of the dated 
zircons from pegmatite dikes and the ages obtained from the detrital zircons of the 
Liuling Group. The exception is the age (ca 373.8Ma) obtained from the Sample 12. 
Based on previous analysis, zircons with the age at ca. 373.8Ma were interpreted as 
magmatic zircon. Therefore, this age not only represents the age of zircons but also 
represents the age of the crystallization of the pegmatite dike. In other words, the 
crystallization of the pegmatite dike occurred at ca. 373.8Ma. Combing the youngest age 
(ca. 401Ma) obtained from the detrital zircons of the Liuling Group with the 
crystallization age of the pegmatite dike located in the Liuling Group, the age of the 
Liuling Group can be bracketed from ca. 401Ma to ca. 373.8Ma. It is first time to bracket 
the age of the Liuling Group into ca. 401Ma to ca. 373.8Ma. However, it is hard to 
determine the age of D1 deformation since the Sample 12 pegmatite dike is hard to be 
clarified as undeformed or deformed dike.  
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4-31. Comparison of the age pattern between sampled dikes and ditrital zircons 
from Dong et al. (2013) 
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The dated result can constrain neither the age of the crystallization of the dike cutting 
across D1 deformation, nor the age of the metamorphic event related to the D1 
deformation. The geochronological results reported here do not date the age of D1 
deformation as has been discussed above. My dating effort has been concentrated on 
zircon spots with clean oscillatory zoning structure that represent the crystallization age 
of the magmatic zircons. This was based on my belief that the zircons were crystallized at 
the time of pegmatite intrusion. Had I considered the possible inheritance origin of the 
zircons, I would have also dated the overgrowth rims – the dark areas in CL images of 
zircons. Unfortunately, none of these rims has been dated yet, although they are to be 
dated soon. I suspect some of these rims will yield ages reflecting the deformation time 
of D1. 
Although the geochronologic data cannot be used to constrain the timing of D1 
deformation, the deformation timing will be discussed in regional context. D1 
deformation occurred from ca. 250Ma to ca. 200Ma because of the collision of the SQB 
and Northern South China Block. More details will be discussed in the next chapter. 
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Chapter 5  
5 Regional tectonic synthesis  
This thesis aimed at analyzing outcrop scale structures in order to establish the 
deformation history of the Liuling Group in the Danfeng region; furthermore, the 
deformation history was used to place constraints on the regional tectonics. Tectonic 
history of the Liuling Group has been described in Chapter 3. Moreover, Chapter 4 
illustrates the geochronologic data from four pegmatite dikes that crosscut the Liuling 
Group. In this final chapter, further discussions of these two generations of deformation 
will be presented, and the deformation history of the Liuling Group as well as the 
Mianyuzui high strain zone in the Danfeng region will be placed into the regional 
tectonics to discriminate existing models.  
5.1  Discussion of the two generations of deformation 
5.1.1 D1 deformation 
The shortening component of D1 deformation was mainly accommodated by folding. It 
generated the isoclinal folds (F1) and the transposition foliation (St1). The Sinistral 
shearing was taken up in the Mianyuzui High Strain Zone. The trend of F1 fold 
hingelines is parallel to the Qinling Orogen, while the strike of St1 extends along the 
orogenic belt as well. Additionally, the stretching mineral lineation, which is recognized 
in the Liuling Group, is plunging steeply towards NNE. D1 deformation develops the 
sinistral shearing structures, isoclinal folds, and transposition foliation in the Mianyuzui 
high strain zone. The shortening structures, which include transposition foliation and 
isoclinal folds, are similar to the shortening structures in the Liuling Group. Shear sense 
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indicators, including asymmetrical folds, boudinage structures, and porphyroclasts, can 
be easily recognized in the horizontal section. Meanwhile, horizontally stretching mineral 
lineation can be observed in the Mianyuzui high strain zone (Figure 5-1). According to 
the field observation, the correlation between the transposition foliation and the shearing 
structures indicates a continuous deformation process. Therefore, D1 deformation, which 
is interpreted as a transpression deformation, is partitioned into a compression 
deformation affecting the whole study area and a sinistral strike-slip deformation in the 
Mianyuzui high strain zone. 
 
5-1. Sketched block diagram showing the kinamitics of D1 deformation 
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In order to understand the kinematics of D1 deformation better, D1 will be compared 
with the deformation of the San Andreas Fault. San Andreas Fault is a major active 
transform plate boundary between the Pacific plate and the North America plate (Figure 
5-2). The orientation of the main fault extends in the direction of NNW-SSE. Perhaps this 
fault is the most intensely studied fault in the world (Chester et al., 1993; Hickman, 1991; 
Mount and Suppe, 1987; Lachenbruch and McGarr, 1990). Host rocks along the San 
Andreas Fault show numerous active reverse faults and folds. The strike of the faults and 
the trend of the folds hingelines are nearly parallel to the San Andreas Fault (e.g., Chester 
et al., 1993). The northeast-directed horizontal compression is nearly perpendicular to the 
strike of the fault (e.g., Zoback et al., 1987). However, a right-lateral strike-slip 
movement can be referred from the focal mechanism and the fault creep (Zoback et al., 
1987) along the San Andreas main Fault. Various scholars studied this phenomenon in 
the past (Brune et al., 1969; Lachenbruch and Sass, 1980; Jones 1988; Zoback and Healy, 
1992). The conclusion is summarized as follows: The relative motion of the Pacific and 
North American plates is obliquely convergent, and the component of the motion normal 
to the San Andreas is accommodated through folding and reverse faulting on host rocks. 
In addition, the strike-slip component is partitioned into the San Andreas main Fault. The 
comparison between the San Andreas Fault and my study area here are drawn in this 
case. Orogen-parallel structures produced by D1 in Liuling Group are similar to the folds 
and faults in the host rocks of the San Andreas Fault, while the Mianyuzui high strain 
zone is comparable to the San Andreas Fault. In summary, D1 deformation is produced 
by an oblique convergence, which is partitioned into a compression deformation affecting 
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the whole study area and a sinistral strike-slip deformation in the Mianyuzui high strain 
zone.  
 
Figure 5-2.Modified geological map and cross-section showing the evidence for 
compression and strike-slip (Zoback et al., 1987) 
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Additionally, the horizontally stretching mineral lineation can be observed in the 
Mianyuzui high strain zone. Meanwhile, stretching mineral lineation, which is recognized 
in the Liuling Group, is steeply plunging towards NNE. Jiang (2014) modeled the 
orientations of stretching lineation at different convergence angles as shown in Figure 5-
3. For simple shearing or a very low angle of convergence, the pattern is a horizontal 
point maximum close to the strike-slip shear direction. For a high angle of convergence 
(>25), the pattern suggests that the stretching lineation is plunging steeply. Since the 
horizontally stretching mineral lineation in the Mianyuzui high strain zone, the 
convergence angle might be low. 
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Figure 5-3.Model- predicted “stretching lineation” patterns in many RDPs 
throughout the zone (Jiang, 2014) 
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Moreover, geochronologic data has been analyzed from four pegmatite dikes in Chapter 
4. Although the geochronologic data cannot be used to constrain the absolute ages of D1 
deformation, the deformation timing will be discussed in regional context. D1 
deformation is caused by the collision between the South Qinling Belt (SQB) and the 
Northern South China Block (N-SCB), not by the collision between the North Qinling 
Belt (NQB) and the SQB. There are two reasons why this interpretation has been drawn. 
The first reason is that the NQB is considered as exhumation in Late Paleozoic. This 
conclusion is supported by Dong et al. (2011, 2013) and Liu et al. (1993). The first 
evidence is the continuous deposition from Devonian to Lower Triassic in the South 
Qinling Belt (Dong et al., 2011). The second reason is based on the different phases of 
the metamorphism between the NQB and the SQB (Liu et al., 1993). The P-T path of the 
North Qinling Belt reveals increasing pressure and temperature at ca. 425Ma and 
decreasing pressure and temperature (exhumation) from 425 to 353Ma. However, there 
are un-metamorphosed sedimentary successions in the South Qinling Belt at the same 
time (Liu et al., 1993). According to Dong et al. (2013), the argon data showed 
40Ar/39Ar ages at 330 Ma for biotite and 397-410Ma for amphibole from the NQB. 
These ages suggest the exhumation of the NQB from ca. 410Ma to ca. 330 Ma. The other 
reason why D1 is suggested to be related to the collision between SQB and N-SCB is 
their similar geometry. D1 deformation, which has been discussed previously, is a 
transpressional event. Orogen parallel shortening structures, such as isoclinal folds and 
transposition foliation, are produced by D1. Meanwhile, compressional structures, which 
include tight folds, foliations, and faults, have been recorded in different locations of the 
SQB (Mattauer et al., 1985; Xu et al., 1986; Zhang et al., 2007; Li et al., 2013; Dong et 
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al., 2015). Sketched cross-section (Figure 5-4) illustrates shortening structures across 
SQB. The trending of the fold-thrust structures is parallel to the orogen as well. 
According to previous studies, those tight fold-thrust structures are produced by the 
collision between the SQB and SCB. Therefore, D1 was involved by the collision of SQB 
and N-SCB. The explanation of D1 deformation is tentatively consisted with this regional 
tectonic evolution due to the lack of the age of D1 deformation.  
A lot of previous studies (Lu, 2000; Sun et al., 2000, 2002; Hu et al., 2004; Jin et al., 
2005; Zhang et al., 2006; Qin et al., 2007a, b; Zhang et al., 2008; Gong et al., 2009; Liu 
et al., 2009a, b; Qin et al., 2009; Dong et al., 2012b; Yang et al., 2012, 2013c) have 
recorded the orthogonal collision between the SQB and the N-SCB. However, in this 
thesis, one of the most important conclusions is that the collision between the SQB and 
the N-SCB is transpression. The transpression deformation is partitioned into a 
compression deformation affecting the whole area and a sinistral shearing deformation 
localized in a high strain zone. In addition, the convergence angle between the SQB and 
the N-SCB is low (<20°). 
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Figure 5-4.Sketched cross-section showing tectonic elements across East QOB (Dong 
et al., 2011) 
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5.1.2 D2 deformation 
D2 deformation, which is characterized by the recumbent folds and the L-tectonite, has 
been discussed in Chapter 3. In addition, L-tectonite, which is interpreted as the 
extensional structure, has been recorded in Tongbai-Dabie Orogenic Belt (Liu et al., 
2014). L-tectonite reported in the Taibaiding region of Tongbai mountain is defined by 
well development of mineral lineation with weak developed foliation. The trend of this 
mineral lineation is parallel to the orogenic belt with a sub-horizontally plunging angle 
(1° to 20°). Hence, the geometry of L-tectonite reported in the Tongbai- Dabie is similar 
to the L-tectonite produced by D2 deformation (Figure 3-29). Moreover, the kinematics 
of these two deformations is similar. Both of them are interpreted to be orogen-parallel 
extension, which developed by the crustal thinning. Besides, the Tongbai-Dabie Orogenic 
associated with the QOB is considered as the Central China Orogenic Belt (Figure 1-2). 
The location of the L-tectonite in Tongbai can be lined up with the D2 deformation in the 
Liuling Group paralleled with the extension direction of the orogenic belt where the 
Nanyang Basin cut across. Hence, the extensional deformation occurred in the Liuling 
Group was produced at the same time with the L-tectonite recorded in the Tongbai 
mountain. According to Liu et al. (2014), the extensional deformation event occurred 
during the intra-continental orogeny from 140 to 130Ma based on geochronological data. 
Therefore, D2 deformation in the Liuling Group will be placed into the Early Cretaceous 
extensional tectonism. 
5.2  Tectonic model and evolutionary history 
Current models of the evolutionary history for the Qinling Orogenic Belt since the 
Paleozoic has been proposed by Mattauer et al. (1985), Li. (1994), Gao et al. (1995), 
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Hacker et al. (1998), Zhang et al. (2007), and Dong et al. (2016). I attempt to refine these 
models. 
The closure of the Shangdan Ocean caused by subduction of the Shangdan Oceanic 
lithosphere into the North Qinling Belt occurred around ca. 400 Ma. The North Qinling 
Belt began to collide with the South Qinling Belt after the consumption of the Shangdan 
Ocean. The collision between the NQB and the SQB is not a full collision. Later on, the 
subduction of the Mianlue Ocean took place from ca. 250Ma to ca. 200Ma (Sun et al., 
2002; Jin et al., 2005; Zhang et al., 2006; Qin et al., 2009). The closure of the Mianlue 
Ocean was succeeded by the collision between the South China Block and the South 
Qinling Belt. Due to this collision, the whole Qinling Orogenic Belt was involved into 
intensely compressional deformation (Shi et al., 2012; Li et al., 2013; Dong et al., 2016). 
According to my study of D1 deformation, this collision is obliquely convergent. After 
that, the QOB got involved into the extensional collapse from ca. 140Ma to 130Ma to 
produce D2 deformation. D2 reflects the along-strike extension and vertical thinning of 
the QOB.  
5.3 Contribution of My work 
My major contributions are summarized below: 
 For the first time, it is established that two generations of deformation exist in the 
Liuling Group; 
 For the first time, the age of the Liuling group is bracketed between ca. 373.8Ma 
and ca. 400Ma; 
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 For the first time, it is shown that the convergence between the SQB and the SCB 
(D1 deformation in this thesis) is dominated by the sinistral strike-slip shearing as 
opposed to orthogonal collision. 
5.4 Future work 
In this thesis, detailed structural analyses are limited to the study area and the inferred 
deformation history best fits the observations in the study area. The obtained deformation 
history is generally used to refine existing tectonic model. Future work is needed to test 
the model.  
In Chapter 3, field mapping was only conducted on the north side of the Lishangou, the 
Laopenggou cross-sections, and their south side has not been visited. If D2 deformation 
can be found on the south side of these two cross-sections, it can be used to test or refine 
the hypothesis of D2. Besides, there was still a dispute on whether the whole Qinling 
Orogenic Belt (QOB) was involved in the extensional collapse or not. The correlation 
analysis between the L-tectonite in NQB and the extensional event is in progress. 
In Chapter 4, the zircon ages of pegmatite dikes cannot be used to constrain the upper 
limit of D1 deformation. Additionally, the timing of D2 is still a dispute. It is highly 
recommended to constrain the timing of both D1 and D2. If the ages of D1 and D2 can be 
limited, it can be used to test or refine the hypothesis. 
127 
 
References  
Ames, L., Zhou, G.Z., Xiong, B.C., 1996. Geochronology and isotopic character of 
ultrahigh pressure metamorphism with implications for collision of the Sino-
Korean and Yangtze cratons, central China. Tectonics, 15, 472–489. 
Brune, J. N., Henyey, T. L., & Roy, R. F. (1969). Heat flow, stress, and rate of slip along 
the San Andreas Fault, California. J. Geophys. Res. Journal of Geophysical 
Research, 74(15), 3821-3827.  
Chen, J.F., Foland, K.A., Xing, F.M., Xu, X., Zhou, T.X., 1991a. Magmatism along the 
southeastern margin of the Yangtze block: Precambrian collision of the Yangtze 
and Cathaysia block of China. Geology, 19, 815–818. 
Chen, Y.J., Santosh, M., 2014. Triassic tectonics and mineral systems in the Qinling 
Orogen, central China. Geological Journal,49,338-358. 
Cherniak, D. J., Hanchar, J. M., Watson, E. B., 1997. Diffusion of tetravalent cations in 
zircon. Contributions to Mineralogy and Petrology, 127 (4), 383-390. 
Cherniak, D. J., Lanford, W. A., Ryerson, F. J., 1991. Lead diffusion in apatite and zircon 
using ion implantation and Rutherford Backscattering techniques. Geochimica et 
Cosmochimica Acta, 55 (6), 1663-1673. 
Cherniak, D. J., Watson, E. B., 2000. Pb diffusion in zircon. Chemical Geology, 172 (1- 
2), 5-24. 
128 
 
Chester, F. M., Evans, J. P., & Biegel, R. L. (1993). Internal structure and weakening 
mechanisms of the San Andreas Fault. J. Geophys. Res. Journal of Geophysical 
Research: Solid Earth, 98(B1), 771-786. 
Diwu, C.R., Sun, Y., Liu, L., Zhang, C.L., Wang, H.L., 2010. The disintegration of 
Kuanping Group in North Qinling orogenic belts and Neo-proterozoic N-MORB. 
Acta Petrologica Sinica, 26, 2025–2038. 
Dong, S.W., Gao, R., Yin, A., Guo, T.L., Zhang, Y.Q., Hu, J.M., Li, J.H., Shi, W., Li, 
Q.S., 2013. What drove continued continent-continent convergence after ocean 
closure? Insights from high-resolution seismic-reflection profiling across the 
Daba Shan in central China. Geology, 41, 671–674. 
Dong, Y.P., 1997. Late Triassic-Middle Jurassic strata and their sedimentary 
environments of Jingzhou area, Hubei. Journal of Stratigraphy, 21 (2), 130–135. 
Dong, Y.P., Zhou, D.W., Zhang, G.W., 1997. Geochemistry and formation setting of 
Fushui complex, eastern Qinling. Geochimica, 26, 79–88. 
Dong, Y.P., Zhang, G.W., Lai, S.C., Zhou, D.W., Zhu, B.Q., 1999a. An ophiolitic 
tectonic melange first discovered in Huashan area, south margin of Qinling 
Orogenic Belt, and its tectonic implications. Science in China Series D: Earth 
Sciences, 42, 292–302. 
Dong, Y.P., Zhou, D.W., Zhang, G.W., Zhu, B.Q., 1999b. Geochemistry of the 
Caledonian Basic Volcanic Rocks at the South Margin of the Qinling Orogenic 
129 
 
Belt, and its Tectonic Implications. Chinese Journal of Geochemistry, 18, 193–
200. 
Dong, Y.P., Zhang, G.W., Zhao, X., Yao, A.P., Liu, X.M., 2004. Geochemistry of the 
subduction-related magmatic rocks in the Dahong Mountains, northern Hubei 
Province: Constraint on the existence and subduction of the eastern Mianlue 
oceanic basin. Science in China (Series D), 47, 366–377. 
Dong, Y.P., Zha, X.F., Fu, M.Q., Zhang, Q., Yang, Z., Zhang, Y., 2008. Characteristics 
of the Dabashan fold-thrust nappe structure at the southern margin of the Qinling, 
China. Geological Bulletin of China, 27, 1493–1508. 
Dong, Y.P., Zhang, G.W., Neubauer, F., Liu, X.M., Genser, J., Hauzenberger, C., 2011a. 
Tectonic evolution of the Qinling orogen, China: Review and synthesis. Journal 
of Asian Earth Sciences, 41, 213–237. 
Dong, Y.P., Zhang, G.W., Hauzenberger, C., Neubauer, F., Yang, Z., Liu, X.M., 2011b. 
Palaeozoic tectonics and evolutionary history of the Qinling orogen: Evidence 
from geochemistry and geochronology of ophiolite and related volcanic rocks. 
Lithos, 122, 39 –56. 
Dong, Y.P., Liu, X.M., Santosh, M., Zhang, X.N., Chen, Q., Yang, C., Yang, Z., 2011c. 
Neoproterozoic subduction tectonics of the northwestern Yangtze Block in South 
China: Constrains from zircon U-Pb geochronology and geochemistry of mafic 
intrusions in the Hannan Massif. Precambrian Research, 189, 66–90. 
130 
 
Dong, Y.P., Liu, X.M., Santosh, M., Chen, Q., Zhang, X.N., Li, W., He, D.F., Zhang, 
G.W., 2012. Neoproterozoic accretionary tectonics along the northwestern margin 
of the Yangtze Block, China: Constraints from zircon U–Pb geochronology and 
geochemistry. Precambrian Research, 196–197, 247–274. 
Dong, Y.P., Liu, X.M., Neubauer, F., Zhang, G.W., Tao, N., Zhang, Y.G., Zhang, X.N., 
Li, W., 2013. Timing of Paleozoic amalgamation between the North China and 
South China Blocks: Evidence from detrital zircon U–Pb ages. Tectonophysics, 
586, 173–191. 
Dong, Y.P., Yang, Z., Liu, X.M., Zhang, X.N., He, D.F., Li,W., Zhang, F.F., Sun, S.S., 
Zhang, H.F., Zhang, G.W., 2014. Neoproterozoic amalgamation of the Northern 
Qinling terrain to the North China Craton: constraints from geochemistry of the 
Kuanping ophiolite. Precambrian Research, 255, 77–95. 
Dong, Y.P, & Santosh, M. (2016). Tectonic architecture and multiple orogeny of the 
Qinling Orogenic Belt, Central China. Gondwana Research, 29(1), 1-40.  
Enkin, R.J., Yang, Z., Chen, Y., Courtillot, V., 1992. Paleo-magnetic constraints on the 
geodynamic history of the major blocks of China from Permian to the present. 
Journal of Geophysical Research, 97, 13953–13989. 
Gao, S., Zhang, B.R., Gu, X.M., Xie, X.L., Gao, C.L., 1995. Silurian–Devonian 
provenance changes of South Qinling basins: implications for accretion of the 
Yangtze (South China) to the North China Cratons. Tectonophysics, 250, 183–
197.  
131 
 
Hacker, B.R., Ratschbacher, L., Webb, L., Ireland, T., Walker, D., Dong, S.W., 1998. 
U/Pb zircon ages constrain the architecture of the ultrahigh-pressure Qinling–
Dabie Orogen, China. Earth and Planetary Science Letters, 161, 215–230. 
Geisler, T., Pidgeon, R., 2001. Significance of radiation damage on the integral SEM 
cathodoluminescence intensity of zircon: an experimental study. Neues Jahrbuch 
fur Mineralogie-Monatshefte, 433-445. 
Hacker, B.R., Ratschbacher, L., Liou, J.G., 2004. Subduction, collision, and exhumation 
in the Qinling-Dabie Orogen. Journal of the Geological Society, London, 226, 
157–175. 
Hirth, G., & Tullis, J. 1992. Dislocation creep regimes in quartz aggregates. Journal of 
Strcutral Geology, 14(2), 145-159.  
Hickman, S., 1991. Stress in the lithosphere and the strength of active faults. Rev. 
Geophys. 759–775 (Supplement). 
Hoskin, P. W. O., Schaltegger, U., 2003. The Composition of Zircon and Igneous and 
Metamorphic Petrogenesis. Reviews in Mineralogy and Geochemistry, 53 (1), 27- 
62. 
Hu, N.G., Zhao, D.L., Xu, B.Q., Wang, T., 1995. Discovery of coesite-bearing eclogite in 
North Qinling and its significance. Chinese Science Bulletin, 40, 174. 
Hsü, K.J., Wang, Q., Li, J., Zhou, D., Sun, S., 1987. Tectonic evolution of Qinling 
Mountains, China. Eclogae Geologicae Helvetiae, 80, 735–752. 
132 
 
Jiang, D. (2014). Structural geology meets micromechanics: A self-consistent model for 
the multiscale deformation and fabric development in Earth's ductile lithosphere. 
Journal of Structural Geology, 68, 247-272. 
 Jones, L. M. (1988). Focal mechanisms and the state of stress on the San Andreas Fault 
in southern California. J. Geophys. Res. Journal of Geophysical Research, 
93(B8), 8869.  
Koschek, G., 1993. Origin and significance of SEM cathodoluminescence from zircon. 
Journal of Microscopy, 171, 223-232. 
Kröner, A., Zhang, G.W., Zhuo, D.W., Sun, Y., 1993. Granulites in the Tongbai area, 
Qinling belt, China: geochemistry, petrology, single zircon geochronology and 
implications for tectonic evolution of eastern Asia. Tectonics, 12, 245–255. 
Lachenbruch, A. H., & Sass, J. H. (1980). Heat flow and energetics of the San Andreas 
Fault Zone. J. Geophys. Res. Journal of Geophysical Research: Solid Earth, 
85(B11), 6185-6222.  
Lachenbruch, A. H., and A. McGarr (1990), Stress and heat flow, In: The San Andreas 
696 Fault System, California, R. E. Wallace (ed.), pp. 261-277, U.S. Geol. Surv. 
Prof. 697 Paper 1515. 
Lai, S.C., Yang, Y.C., 1997. Petrology and geochemistry features of the metamorphic 
volcanic rocks in the Mianxian–Lueyang suture zone, southern Qinling. Acta 
Petrologica Sinica, 13, 563–573 (in Chinese with English abstract). 
133 
 
Law, R. D. 1990. Crystallographic fabrics: a selective review of their applications to 
research in structural geology. Geological Society, London, Special 
Publications, 54(1), 335-352. 
Li, S.G., Xiao, Y.L., Liou, D.L., Chen, Y.Z., Ge, N.J., Zhang, Z.Q., Sun, S.S., Zhang, 
R.Y., Hart, S.R., Wang, S.S., 1993. Collision of the North China and Yangtze 
Blocks and formation of coesite-bearing eclogites: Timing and processes. 
Chemical Geology, 109, 89–111. 
Li, Z.X., 1994. Collision between the North and South China blocks: A crustal-
detachment model for suturing in the region east of the Tanlu fault. Geology, 22, 
739–742. 
Li, S.G., Sun,W.D., Zhang, G.W., 1996. Chronology and geochemistry of meta-volcanic 
rocks from Heigouxia valley in Mian-Lue tectonic belt, South Qinling: evidence 
for a Paleozoic oceanic basin and its close time. Science in China (Series D), 39, 
300–310. 
Li, S.G., Hou, Z.H., Yang, Y.C., Sun, W.D., Zhang, G.W., Li, Q.L., 2004a. Timing and 
geochemistry characters of the Sanchazi magmatic arc in Mianlue tectonic zone, 
South Qinling. Science in China (Series D), 47, 317–328. 
Li, Y.J., Xie, Q.S., Luan, X.D., Li, Z.C., Yang, J.Q., Bi, M.B., 2004b. The origins and 
tectonic significance of the Mishuling magma zone in west Qinling. Xinjiang 
Geology, 22, 374–377. 
134 
 
Li, H.M., Chen, Z.H., Xiang, Z.Q., Li, H.K., Lu, S.N., Zhou, H.Y., Song, B., 2006. 
Difference in U–Pb Isotope ages between baddeleyite and zircon in meta-gabbro 
from the Fushui complex in the Shangnan-Xixia area, Qinling orogen. Geological 
Bulletin of China, 25, 653–659. 
Li, S.Z., Kusky, T.M.,Wang, L., Zhang, G.W., Lai, S.C., Liu, X.C., Dong, S.W., Zhao, 
G.C., 2007a. Collision leading to multiple-stage large-scale extrusion in the 
Qinling orogen: insights from the Mianlue suture. Gondwana Research, 12, 121–
143. 
Li,W.Y., Li, S.G., Pei, X.Z., Zhang, G.W., 2007b. Geochemistry and zircon SHRIMP U–
Pb ages of the Guanzizhen Ophiolite complex, the Western Qinling Orogen, 
China. Acta Petrologica Sinica, 23, 2836–2844 (In Chinese with English 
abstract). 
Li, S.Z., Kusky, T.M., Wang, L., Lai, S.C., Liu, X.C., Dong, S.W., Zhao, G.W., 2007c. 
Collision leading to multiple-stage large-scale extrusion in the Qinling orogen: 
insights from the Mianlue suture. Gondwana Research, 12, 121–143. 
Li, R.B., Pei, X.Z., Ding, S.P., Li, Z.C., Feng, J.Y., Sun, Y., Zhang, Y.F., Liu, Z.Q., 
2009. LA-ICP-MS zircon U–Pb dating of the Pipasi basic volcanic rocks within 
the Mianlue tectonic zone in the southern margin of West Qinling and its 
geological implication. Acta Geologica Sinica, 83 (11), 1612–1623 (in Chinese 
with English abstract). 
135 
 
Li, W., Dong, Y.P., Guo, A.L., Liu, X.M., Liu, Y.Q., Zha, X.F., Zhang, K.L., 2013b. 
Sedimentary fill history of the Huicheng Basin in the West Qinling Mountains 
and associated constraints on Mesozoic intracontinental tectonic evolution. 
Science China: Earth Sciences, 56, 1639–1653. 
Lin, Z.W., Qin, Y., Zhou, Z.J., Yue, S.W., Zeng,Q.T.,Wang, L.X., 2013. Zircon U–Pb 
dating and geochemistry of the volcanic rocks at Huachanggou area, Mianlue 
suture, South Qinling. Acta Petrologica Sinica, 29, 83–94 (in Chinese with 
English abstract). 
Ling,W.L., Duan, R.C., Liu, X.M., Cheng, J.P., Mao, X.W., Peng, L.H., Liu, Z.X., Yang, 
H.M., Ren, B.F., 2010. U–Pb dating of detrital zircons from the Wudangshan 
Group in the South Qinling and its geological significance. Chinese Science 
Bulletin, 55, 2440–2448. 
Liu, G.H., Zhang, S.G., You, Z.D., 1993. Metamorphic Rocks in Qinling Orogen Belt 
and Its Metamorphic Evolution. Geology Press, pp. 68–89 (in Chinese). 
Liu, H., Song, C.Z., Lin, S.F., Li, J.H., Huang, P., Wang, H., Han, J.J., Yang, F. 2014, 
Formation mechanism and structural significance of L tectonite in Tongbai 
orogenic belt, central China. Chinese Journal of Geology,49(2),542-555. 
Ludwig, K. R., 2003. ISOPLOT 3.00: A Geochronological Toolkit for Microsoft Excel. 
Berkeley: Berkeley Geochronology Center, California. 
136 
 
Mao, J.W., Xie, G.Q., Zhang, Z.H., Li, X.F., Wang, Y.T., Zhang, C.Q., Li, Y.F., 2005. 
Mesozoie large-scale metallogenic pulses in North China and corresponding 
geodynamic settings. Acta Petrologica Sinica, 21, 171–190.  
Mattauer, M., Matte, P., Malavieille, J., Tapponnier, P., Maluski, H., Xu, Z., Lu, Y., 
Tang, Y., 1985. Tectonics of the Qinling belt: build up and evolution of eastern 
Asia. Nature, 317, 496–500. 
Meng, Q.R., 1994. Late Paleozoic sedimentation, basin development and tectonics of the 
Qinling orogenic belt. PhD Thesis, Northwest University, Xi’an, pp. 1–172. 
Meng, Q.R., Zhang, G.W., 1999. Timing of collision of the North and South China 
blocks: controversy and reconciliation. Geology, 27, 123–126. 
Mount, V.S. and J. Suppe (1987), State of stress near the San Andreas fault: Implications 
725 for wrench tectonics. Geology, 15, 1143–1146. 
Nasdala, L., Lengauer, C. L., Hanchar, J. M., Kronz, A., Wirth, R., Blanc, P., Kennedy, 
A. K., Seydoux-Guillaume, A.-M., 2002. Annealing radiation damage and the 
recovery of cathodoluminescence. Chemical Geology, 191 (1-3), 121-140. 
Okay, A.I., Sengör, A.M.C., 1993. Tectonics of an ultra-high pressure metamorphic 
terrane: the Dabie Shan/Tongbai Shan orogen, China. Tectonics, 12, 1320–1334. 
Passchier, C. W., & Trouw, R. A. (1996). Microtectonics. Berlin: Springer. 
Passchier, C. W., & Trouw, R. A. (1998). Microtectonics. Berlin: New York.  
137 
 
Ratschbacher, L., Hacker, B.R., Calvert, A., Webb, L.E., Grimmer, J.C., McWilliams, 
M.O., Ireland, T., Dong, S.W., Hu, J.M., 2003. Tectonics of the Qinling (Central 
China): tectonostratigraphy, geochronology, and deformation history. 
Tectonophysics, 366, 1–53. 
Ratschbacher, L., Franz, L., Enkelmann, E., Jonckeere, R., Poerschke, A., Hacker, B.R., 
Dong, S.W., Zhang, Y.Q., 2006. The Sino-Korean-Yangtze suture, the Huwan 
detachment, and the Paleozoic–Tertiary exhumation of (ultra)high-pressure rocks 
along the Tongbai–Xinxian–Dabie Mountains. Geological Society of America 
Special Publication, 403, 45–75. 
Santosh, M., 2010. A synopsis of recent conceptual models on supercontinent tectonics in 
relation to mantle dynamics, life evolution and surface environment. Journal of 
Geodynamics, 50, 116–133  
Scotes, C.R., 2004. A continental drift flipbook. Journal of Geology 112, 729–741. 
Sengor, A.M.C., 1985. East Asia tectonic collage. Nature, 318, 16–17. 
Shi, W., Zhang, Y.Q., Dong, S.W., Hu, J.M.,Wiesinger, M., Ratschbacher, L., 
Jonckheere, R., Li, J.H., Tian, M., Chen, H., Wu, G.L., Ma, L.C., Li, H.L., 2012. 
Intra-continental Dabashan orocline, southwestern Qinling, central China. Journal 
of Asian Earth Sciences, 46, 20–38.  
Wang, H.,Wu, Y.B., Gao, S., Liu, X.C., Gong, H.J., Li, Q.L., Li, X.H., Yuan, H.L., 2011. 
Eclogite origin and timings in the North Qinling terrane, and their bearing on the 
138 
 
amalgamation of the South and North China Blocks. Journal of Metamorphic 
Geology, 29, 1019–1031. 
Xu, J.F., Castillo, P.R., Li, X.H., Yu, X.Y., Zhang, B.R., Han, Y.W., 2002. MORB-type 
rocks from the Paleo-Tethyan Mianlue Ocean northern ophiolite in the Qinling 
Mountains, central China: implications for the source of the low 206Pb/204Pb and 
high 143Nd/144Nd mantle component in the Indian Ocean. Earth and Planetary 
Science Letters, 198, 323–337. 
Xue, F., Kroner, A., Reischmann, T., Lerch, M.F., 1996a. Palaeozoic pre- and post 
collision calc-alkaline magmatism in the Qinling orogenic belt, central China, as 
documented by zircon ages on granitoid rocks. Journal of the Geological Society, 
153, 409–417. 
Xue, F., Lerch, M.F., Kroner, A., Reischmann, T., 1996b. Tectonic evolution of the East 
Qinling Mountains, China, in the Palaeozoic: a review and new tectonic model. 
Tectonophysics, 253, 271–284. 
Yan, Q.R., Chen, J.L., Wang, Z.Q., Yan, Z., Wang, T., Li, Q.G., Zhang, Z.Q., Jiang, C.F., 
2007a. Tectonic setting and SHRIMP age of volcanic rocks in the Xieyuguan and 
Caotangou Group: implications for the North Qinling orogenic belt. Acta 
Geologica Sinica, 81, 488–500. 
Yan, Z., Xiao, W., Wang, Z., Li, J., 2007b. Integrated analyses constraining the 
provenance of sandstones, mudstones and conglomerates, a case study: the 
139 
 
Laojunshan Conglomerate, Qilian orogen, NW China. Canadian Journal of Earth 
Sciences, 44, 961–986. 
Yu, Z.P., Meng, Q.R., 1995. Late Paleozoic sedimentary and tectonic evolution of the 
Shangdan suture, eastern Qinling, China. Journal of Southeast Asia Earth 
Science, 11, 237–242. 
Zhai, X.M., Day, H.W., Hacker, B.R., You, Z.D., 1998. Paleozoic metamorphism in the 
Qinling orogen, Tongbai Mountains, central China. Geology, 26, 371–374. 
Zhang, C.L., Zhou, D.W., Han, S., 1994a. The geochemical characteristics of Danfeng 
metavolcanic rocks in Shangzhou area, Shaanxi province. Scientia Geologica 
Sinica 29, 384–392. Zhang, Z.Q., Liu, D.Y., Fu, G.M., 1994b. Isotopic 
Geochronology of Metamorphic Strata in North Qinling. Geological Publishing 
House, Beijing, China. pp. 1–191. 
Zhang, G.W., Meng, Q.R., Lai, S.C., 1995a. Tectonics and structure of the Qinling 
Orogenic belt. Science in China (Series B), 38, 1379–1394. 
Zhang, Q., Zhang, Z.Q., Sun, Y., Han, S., 1995b. Trace element and isotopic 
geochemistry of metabasalts from Danfeng Group (DFG) in Shangxian- Danfeng 
area, Shaanxi province. Acta Petrologica Sinica, 11, 43–54. 
Zhang, Z.Q., Zhang, Q., 1995c. Geochemistry of metamorphosed Late Proterozoic 
Kuanping ophiolite in the Northern Qinling, China. Acta Petrologica Sinica, 11 
(Suppl.), 165–177. 
140 
 
Zhang, H.F., Zhang, B.R., Ling, W.L., Luo, T.C., Xu, J.F., 1996a. Paleo-oceanic crust 
recycling in north Qinling: evidence of Pb, Nd, Sr isotopes from island arc 
granitoids. Chinese Science Bulletin, 41, 234–237. 
Zhang, G.W., Meng, Q.R., Yu, Z.P., Sun, Y., Zhou, D.W., Guo, A.L., 1996b. Orogenesis 
and dynamics of Qinling orogen. Science in China (Series D), 26, 193–200. 
Zhang, H.F., Gao, S., Zhang, B.R., Luo, T.C., Lin, W.L., 1997. Pb isotopes of granites 
suggest Devonian accretion of Yangtze (South China) craton to North China 
craton. Geology, 25, 1015–1018. 
 Zhang, G.W., Yu, Z.P., Dong, Y.P., Yao, A.P., 2000a. On Precambrian framework and 
evolution of the Qinling belt. Acta Petrologica Sinica, 16, 11–21. 
Zhang, H.F., Gao, S., Zhang, L., Zhong, Z.Q., Zhang, B.R., 2000b. Granitoids in 
erlangping ophiolite fragment from northern tongbai area, china: geochemistry, 
petrogenesis and deep crustal nature. Scientia Geologica Sinica, 35, 27–39. 
Zhang, G.W., Zhang, B.R., Yuan, X.C., Xiao, Q.H., 2001. Qinling Orogenic Belt and 
Continental Dynamics. Science Press, Beijing. pp. 1–855. 
Zhang, C.L., Li,M.,Wang, T., Yuan, H.L., Yan, Y.X., Liu, X.M., Wang, J.Q., Liu, Y., 
2004a. U–Pb zircon geochronology and geochemistry of granitoids in the Douling 
Group in the Eastern Qinling. Acta Geologica Sinica, 78, 83–95 (in Chinese with 
English abstract). 
141 
 
Zhang, C.L., Liu, L., Zhang, G.W.,Wang, T., Chen, D.L., Yuan, H.L., Liu, X.M., Yan, 
Y.X., 2004b. Determination of Neoproterozoic post-collisional granites in the 
north Qinling Mountains and its tectonic significance. Earth Science Frontiers, 
11, 33–42 (in Chinese with English abstract). 
Zhang, G.W., Dong, Y.P., Lai, S.C., 2004c. Mianlue tectonic zone and Mianlue suture 
zone on southern margin of Qinling–Dabie orogenic belt. Science in China (Series 
D), 47, 300–316. 
Zhang, Z.Q., Tang, S.H., Zhang, G.W., Yang, Y.C., Wang, J.H., 2005. Ages of 
metamorphic mafic–andesitic volcanic rock blocks and tectonic evolution 
complexity of Mianxian–Lueyang ophiolitic melange belt. Acta Geologica Sinica, 
79 (4), 531–539 (in Chinese with English abstract). 
Zhang, Z.W., Li, W.Y., Zhao, D.H., Gao, Y.B., Peng, S.X., 2010. Zircon U-Pb dating of 
Lianhuagou Pluton in East Qinling and its geological implications. Geochimica, 
39, 90–99 (in Chinese with English abstract). 
Zhao, X.X., Coe, R.S., 1987. Palaeomagnetic constraints on the collision and rotation of 
North and South China. Nature, 327, 141–144. 
 
Zoback, M.D., Zoback, M.L., Eaton, J.P., Mount, V.S., and Suppe, J. 1987, New 799 
Evidence on the State of Stress of the San Andreas Fault, Science, 238, p. 1105 
800 - 1111. 801 802  
142 
 
Zoback, M.D. (2007), Reservoir Geomechanics: Earth Stress and Rock Mechanics 803 
Applied to Exploration, Production and Wellbore Stability, Cambridge Press, 804 
Cambridge Press, 449 pp. 
 
 
143 
 
Appendices  
Appendix A: Stations and their GPS coordinates 
 
Station No. X (Degree) Y (Degree) Station No. X (Degree) Y (Degree) 
LSG01 110.427 33.6349 WGH03 110.645 33.5412 
LSG02 110.424 33.634 WGH04 110.647 33.5143 
LSG03 110.419 33.6241 WGH05 110.641 33.4966 
LSG04 110.416 33.62 WGH06 110.63 33.4857 
LSG05 110.411 33.616 WGH07 110.63 33.4738 
LSG06 110.409 33.6091 WGH08 110.634 33.4536 
LSG07 110.398 33.5953 ZLG01 110.341 33.6544 
LSG08 110.396 33.5944 ZLG02 110.342 33.6457 
LSG1520 110.394 33.5934 ZLG03 110.341 33.6341 
MFG01 110.525 33.614 ZLG04 110.346 33.6241 
LPG22 110.478 33.6235 ZLG05 110.33 33.6075 
LPG02 110.474 33.6196 ZLG06 110.327 33.597 
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LPG01 110.479 33.6242 ZLG07 110.332 33.5724 
LPG03 110.474 33.6146 ZLG08 110.328 33.5548 
LPG04 110.471 33.6108 ZLG09 110.336 33.5358 
LPG05 110.471 33.6028 ZLG10 110.361 33.5194 
LPG06 110.469 33.599 ZLG11 110.379 33.4875 
LPG07 110.467 33.5944 ZLG12 110.378 33.4724 
LPG08 110.464 33.5885 SP01 110.282 33.4605 
LPG09 110.462 33.5807 SP02 110.269 33.4914 
LPG10 110.467 33.572 SP03 110.255 33.5168 
LPG11 110.48 33.5833 SP04 110.263 33.5583 
LPG12 110.486 33.5908 SP05 110.269 33.5798 
LPG13 110.486 33.5967 SP06 110.26 33.6098 
LPG14 110.487 33.6043 SP07 110.243 33.6326 
LPG15 110.484 33.6162 SP08 110.256 33.6471 
LPG16 110.446 33.5557 SP09 110.272 33.6563 
WGH01 110.655 33.5619 SP10 110.283 33.6671 
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WHG02 110.654 33.5564 12 110.313 33.638 
 
  
146 
 
 
Appendix B: Quartz c-axis orientations measured from using a universal stage. 
Only dynamically recrystallized quartz grains are measured. The measurement 
method can be found in Fairbairn (1949, Structural Petrology of Deformed Rocks. 
Addison-Wesley Publishing Co., Cambridge, page 344). 
Sample: SP 1501 
Grain 
No. 
Plunge 
dir 
Plung
e 
Lineation: 00,090 (On the U stage, arrow pointing to 
N) 
1 311 23 L 
2 115 76 L 
3 252 63 L 
4 61 35 L 
5 359 20 L 
6 137 16 L 
7 93 13 L 
8 29 23 L 
9 286 20 L 
10 321 0 L 
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11 317 19 L 
12 359 74 L 
13 74 65 L 
14 28 30 L 
15 159 69 L 
16 66 31 L 
17 272 0 L 
18 109 74 L 
19 1 25 L 
20 276 58 L 
21 136 25 L 
22 48 15 L 
23 338 65 L 
24 6 26 L 
25 36 0 L 
26 245 36 L 
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27 312 18 L 
28 21 29 L 
29 150 70 L 
30 310 24 L 
31 211 40 L 
32 156 17 L 
33 213 25 L 
34 48 23 L 
35 47 14 L 
36 26 27 L 
37 19 27 L 
38 184 72 L 
39 306 30 L 
40 36 30 L 
41 41 18 L 
42 61 53 L 
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43 65 0 L 
44 15 25 L 
45 19 27 L 
46 40 0 L 
47 232 25 L 
48 24 23 L 
49 308 17 L 
50 67 28 L 
51 104 22 L 
52 270 22 L 
53 228 16 L 
54 334 60 L 
55 7 22 L 
56 33 0 L 
57 345 64 L 
58 34 0 L 
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59 144 17 L 
60 142 20 L 
61 228 17 L 
62 318 0 L 
63 211 16 L 
64 135 21 L 
65 150 20 L 
66 54 0 L 
67 38 21 L 
68 31 0 L 
69 301 25 L 
70 22 20 L 
71 21 0 L 
72 285 0 L 
73 352 27 L 
74 232 34 L 
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75 48 0 L 
76 230 57 L 
77 260 25 L 
78 289 61 L 
79 270 71 L 
80 318 0 L 
81 129 26 L 
82 129 32 L 
83 152 17 L 
84 132 65 L 
85 355 27 L 
86 350 18 L 
87 61 0 L 
88 358 57 L 
89 128 57 L 
90 127 27 L 
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91 211.8 0 L 
92 337.2 26.9 L 
93 205.2 11 L 
94 142.5 45.5 L 
95 191.2 12.5 L 
96 158 33.1 L 
97 314 10.5 L 
98 296 11 L 
99 2.5 13.2 L 
100 207.7 0 L 
101 281.1 26 L 
102 246.1 18.3 L 
103 47 14.6 L 
104 137.9 14.3 L 
105 192.5 0 L 
106 308.2 21.9 L 
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107 294.9 64 L 
108 194.8 21.8 L 
109 248.8 26 L 
110 148 10.6 L 
111 100.8 29.1 L 
112 277.2 23 L 
113 282.1 30.1 L 
114 283.2 11 L 
115 340 31.5 L 
116 115 41 L 
117 339 9.3 L 
118 255.7 9 L 
119 287.2 0 L 
120 109 29.5 L 
121 314.9 0 L 
122 160 17.8 L 
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123 159.5 33.1 L 
124 144.2 15.6 L 
125 212.9 27.1 L 
126 134.2 65.9 L 
127 253.9 0 L 
128 339.5 63.9 L 
129 337.5 54 L 
130 307.1 0 L 
131 315.4 41.8 L 
132 20 30.5 L 
133 199.5 23.5 L 
134 210.2 28 L 
135 302.9 18.1 L 
136 61.1 6.2 L 
137 137.8 18.6 L 
138 189 0 L 
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139 115.8 62 L 
140 278.5 30.1 L 
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Appendix C: LA-ICP-MS data for spot analysis of zircons 
Sample: LSG01 
 
Pb207/U235 Pb206/U238 Pb207/U235 Pb206/U238 
No
. 
Age 
(Ma) 
1σ 
(Ma) 
Age 
(Ma) 
1σ 
(Ma) 
 
1 σ (abs) 
 
1 σ (abs) 
1 424.9 8.75 431.6 5.07 0.51965 0.0131 0.06925 0.00084 
2 432.2 6.33 427.4 4.67 0.5306 0.00954 0.06855 0.00077 
3 457.1 7.18 428.1 4.78 0.56854 0.0111 0.06867 0.00079 
4 417.9 6.69 426.1 4.72 0.50921 0.00994 0.06833 0.00078 
5 501.4 6.46 427.8 4.65 0.63852 0.01042 0.06862 0.00077 
6 399.5 6.23 406.7 4.48 0.48215 0.00909 0.06512 0.00074 
7 407.8 5.82 417.3 4.54 0.49423 0.00857 0.06688 0.00075 
8 426.3 6.68 429 4.75 0.52173 0.01001 0.06881 0.00079 
9 445.9 
12.6
9 
430 5.81 0.55131 0.01939 0.06898 0.00096 
10 451.4 7.49 426.4 4.81 0.55985 0.0115 0.06838 0.0008 
11 430.4 6.01 428.8 4.66 0.52794 0.00904 0.06878 0.00077 
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12 423.5 5.76 428.4 4.64 0.51755 0.0086 0.06872 0.00077 
13 540.2 6.52 428.1 4.65 0.70244 0.01093 0.06866 0.00077 
14 430.4 7.6 428.4 4.88 0.52786 0.01143 0.06872 0.00081 
15 1103 
13.4
6 
1039 11.76 1.96319 0.03929 0.17489 0.00214 
16 430.7 5.44 428.1 4.6 0.5284 0.0082 0.06866 0.00076 
17 432.7 7.16 425.3 4.79 0.53138 0.0108 0.0682 0.00079 
18 428.9 6.39 428.4 4.72 0.52556 0.00961 0.06872 0.00078 
19 456.3 6.08 427.7 4.66 0.56731 0.00939 0.06859 0.00077 
20 431.7 5.85 418.3 4.56 0.52978 0.00881 0.06704 0.00075 
21 532.4 6.52 427.1 4.66 0.68941 0.01084 0.06849 0.00077 
22 432.9 7.03 427.3 4.8 0.53158 0.01061 0.06854 0.0008 
23 441.3 9.72 428.1 5.21 0.54439 0.01479 0.06866 0.00086 
24 425.3 7.55 428.3 4.89 0.52025 0.0113 0.0687 0.00081 
25 434.6 6.05 428 4.69 0.53422 0.00914 0.06865 0.00078 
26 427.3 8.82 428.6 5.07 0.52319 0.01322 0.06875 0.00084 
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27 428.9 6.79 427.5 4.79 0.5256 0.01021 0.06857 0.00079 
28 435.6 4.43 429.7 4.54 0.53576 0.0067 0.06893 0.00075 
29 435.5 7.82 429 4.94 0.53559 0.01183 0.06882 0.00082 
30 444.2 5.86 427.9 4.67 0.54879 0.00893 0.06863 0.00077 
31 434.7 7.81 428.2 4.94 0.53431 0.0118 0.06869 0.00082 
32 452.4 7.14 427.3 4.82 0.56137 0.01097 0.06853 0.0008 
33 443.5 
10.2
1 
428.7 5.3 0.54777 0.01556 0.06876 0.00088 
34 451.8 8.75 428.8 5.07 0.5604 0.01345 0.06877 0.00084 
35 444.4 9.36 427.5 5.15 0.54906 0.01428 0.06856 0.00085 
 
Sample: 12 
 
Pb207/U235 Pb206/U238 Pb207/U235 Pb206/U238 
No
. 
Age 
(Ma) 
1σ 
(Ma) 
Age 
(Ma) 
1σ 
(Ma) 
 
1 σ (abs) 
 
1 σ (abs) 
1 379.6 3.61 374.4 3.81 0.45338 0.00517 0.05979 0.00063 
2 377.1 3.52 374.3 3.8 0.44981 0.00503 0.05979 0.00063 
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3 383.8 3.56 374.9 3.81 0.4594 0.00512 0.05988 0.00063 
4 387.8 3.64 373.8 3.8 0.46507 0.00525 0.05975 0.00063 
5 406.5 4.67 380 3.95 0.49233 0.00687 0.06072 0.00065 
6 383.3 3.56 374.9 3.81 0.45865 0.00512 0.05988 0.00063 
7 377 3.53 373.3 3.79 0.44953 0.00504 0.05961 0.00062 
8 376.9 3.56 374.2 3.81 0.44951 0.00509 0.05977 0.00063 
9 380.5 3.6 375.9 3.82 0.45456 0.00516 0.06005 0.00063 
10 375 3.49 373.6 3.8 0.44671 0.00497 0.05967 0.00062 
11 375.9 3.53 373.3 3.8 0.44797 0.00503 0.05963 0.00062 
12 373.2 3.38 374.7 3.8 0.44416 0.00481 0.05984 0.00062 
13 370.7 3.45 374 3.8 0.44062 0.00489 0.05973 0.00062 
14 377 3.48 373.4 3.79 0.44959 0.00497 0.05964 0.00062 
15 417 4.18 373.9 3.84 0.50778 0.00621 0.05972 0.00063 
16 371.7 3.41 373 3.79 0.442 0.00484 0.05957 0.00062 
17 371.8 3.39 373.4 3.79 0.44222 0.00482 0.05964 0.00062 
18 384.4 3.51 374.6 3.8 0.46016 0.00505 0.05983 0.00063 
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19 371.8 3.41 374.3 3.8 0.44224 0.00484 0.05978 0.00062 
20 371.6 3.44 374.8 3.81 0.44195 0.00489 0.05987 0.00063 
21 796.6 13.93 794 9.37 1.19136 0.03007 0.13107 0.00164 
22 366.8 3.33 373.3 3.79 0.43515 0.00471 0.05962 0.00062 
23 375.6 3.42 373.2 3.79 0.44757 0.00488 0.0596 0.00062 
24 368.7 3.29 374 3.79 0.43779 0.00465 0.05973 0.00062 
25 367 3.4 373.1 3.79 0.43535 0.0048 0.05959 0.00062 
26 396.9 3.75 372.5 3.8 0.47827 0.00546 0.05948 0.00062 
27 368.7 3.34 373 3.79 0.43785 0.00473 0.05958 0.00062 
28 364.6 3.78 373.7 3.83 0.43195 0.00533 0.05969 0.00063 
29 367.8 3.46 374.7 3.81 0.43655 0.00489 0.05985 0.00063 
 
Sample: LPG 22 
 
Pb207/U235 Pb206/U238 Pb207/U235 Pb206/U238 
No
. 
Age 
(Ma) 
1σ 
(Ma) 
Age 
(Ma) 
1σ 
(Ma) 
 
1σ (abs) 
 
1σ (abs) 
1 439.3 4.1 430.4 4.33 0.54127 0.00622 0.06905 0.00072 
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2 437.2 4.19 430.3 4.34 0.53814 0.00635 0.06903 0.00072 
3 
2656.
8 
10.15 2654 22.79 12.6879 0.13686 0.50938 0.00534 
4 437.3 4.57 430.6 4.38 0.53829 0.00692 0.06907 0.00073 
5 
1783.
1 
10.29 
1766.
3 
16.62 4.78958 0.05867 0.31522 0.00339 
6 451.3 7.01 431 4.67 0.55969 0.01077 0.06915 0.00078 
7 434.2 5.25 430 4.46 0.53365 0.00794 0.06899 0.00074 
8 424.3 6.48 430.5 4.62 0.51876 0.00969 0.06906 0.00077 
9 614.7 7.01 585.4 6.07 0.832 0.01265 0.09506 0.00103 
10 
1802.
6 
10.46 
1766.
5 
16.73 4.90205 0.06079 0.31525 0.00341 
11 
1176.
4 
7.34 
1104.
4 
10.54 2.18527 0.02303 0.18687 0.00194 
12 
1696.
6 
8.96 
1669.
3 
15.39 4.31696 0.04693 0.29557 0.00309 
13 963 7.08 962.4 9.39 1.58149 0.01801 0.16102 0.00169 
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14 
1107.
2 
7.69 
1104.
9 
10.69 1.97569 0.02255 0.18696 0.00197 
15 439.4 4.02 430.4 4.36 0.54147 0.00611 0.06904 0.00072 
16 
1791.
8 
9.07 
1765.
9 
16.19 4.83927 0.05219 0.31513 0.0033 
17 
1102.
9 
7.71 
1104.
8 
10.71 1.96298 0.0225 0.18695 0.00197 
18 442.5 4.47 430.8 4.41 0.54613 0.00681 0.06911 0.00073 
19 504.3 6.52 507.1 5.35 0.64322 0.01056 0.08184 0.0009 
20 421.8 5.93 429.9 4.58 0.51506 0.00884 0.06897 0.00076 
21 
1824.
3 
9.42 
1764.
3 
16.35 5.0296 0.05596 0.3148 0.00333 
22 455.2 5.41 430.7 4.51 0.56562 0.00835 0.0691 0.00075 
23 406.2 6.28 408.3 4.42 0.4919 0.00923 0.06539 0.00073 
24 1736 9.1 
1766.
5 
16.3 4.52707 0.04954 0.31524 0.00333 
25 
2646.
3 
10.14 
2654.
5 
23.04 12.54782 0.13527 0.5095 0.00539 
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26 466 7.29 429.7 4.73 0.58242 0.01136 0.06893 0.00078 
27 
2648.
5 
11.43 
2648.
5 
24.24 12.57631 0.15287 0.5081 0.00567 
28 440 4.03 430.7 4.4 0.5424 0.00613 0.0691 0.00073 
29 
1106.
5 
7.97 
1105.
9 
10.84 1.97338 0.02335 0.18715 0.002 
30 710 6.89 682.1 6.99 1.01222 0.01365 0.11161 0.00121 
31 467.5 9.51 431.7 5.11 0.58467 0.01485 0.06925 0.00085 
32 
1226.
3 
8.17 
1105.
1 
10.83 2.34579 0.02693 0.187 0.00199 
33 453.2 4.44 431.7 4.45 0.5626 0.00683 0.06926 0.00074 
34 434.6 4.36 431.5 4.45 0.53419 0.00659 0.06923 0.00074 
35 428.9 5.26 430.6 4.53 0.52568 0.0079 0.06908 0.00075 
 
Sample: LSG 1520 
 
Pb207/U235 Pb206/U238 Pb207/U235 Pb206/U238 
Analysis 
No. 
Age 
(Ma) 
1 
σ(Ma) 
Age 
(Ma) 
1 
σ(Ma) 
 
1 σ 
(abs) 
 
1 σ 
(abs) 
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1 432 7.33 423.6 4.57 
0.5303
1 
0.0110
5 
0.0679
2 
0.0007
6 
2 845.8 8.07 790.1 7.84 1.3002 
0.0182
9 
0.1303
9 
0.0013
7 
3 787.6 5.97 769.2 7.35 
1.1720
8 
0.0127
8 
0.1267
4 
0.0012
8 
4 940.7 7.01 944.2 8.96 
1.5254
3 
0.0174
3 
0.1577
4 
0.0016
1 
5 433.3 7.11 422.6 4.52 
0.5321
8 
0.0107
2 
0.0677
5 
0.0007
5 
6 867.2 6.47 875.7 8.32 1.3491 
0.0149
6 
0.1455 
0.0014
8 
7 771 11.92 776.6 8.54 
1.1368
9 
0.0250
9 
0.1280
2 
0.0014
9 
8 818.2 6.11 775 7.4 
1.2385
5 
0.0134
6 
0.1277
4 
0.0012
9 
9 444.4 4.77 447.8 4.45 
0.5490
9 
0.0072
8 
0.0719
3 
0.0007
4 
10 438.9 5.21 427.4 4.31 0.5407 0.0079 0.0685 0.0007
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4 1 5 1 
11 1509.7 9.18 1435.5 13.33 
3.4229
6 
0.04 
0.2494
2 
0.0025
8 
12 420.9 6.4 423.2 4.43 
0.5136
4 
0.0095
4 
0.0678
5 
0.0007
3 
13 812.4 6.64 788.5 7.6 
1.2257
6 
0.0145
7 
0.1301
2 
0.0013
3 
14 419.6 4.14 418.5 4.13 
0.5117
3 
0.0061
7 
0.0670
7 
0.0006
8 
15 448.7 5.26 439.6 4.43 
0.5557
2 
0.0080
7 
0.0705
8 
0.0007
4 
16 417.4 7.26 413.9 4.44 
0.5084
6 
0.0107
9 
0.0663
1 
0.0007
3 
17 438.3 6.02 436.6 4.49 
0.5398
7 
0.0091
2 
0.0700
8 
0.0007
5 
18 923.4 7.49 929.3 8.92 
1.4828
9 
0.0183
1 
0.1550
7 
0.0016 
19 423.7 6.43 427 4.46 
0.5178
1 
0.0096
2 
0.0684
7 
0.0007
4 
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20 2354.5 9.33 2247.1 19.14 
9.1642
4 
0.0934
4 
0.4170
6 
0.0042
1 
21 787.2 6.3 779.6 7.48 
1.1712
3 
0.0134
7 
0.1285
5 
0.0013
1 
22 900 7.08 876 8.4 
1.4263
5 
0.0169
2 
0.1455
6 
0.0014
9 
23 449 6.11 435.3 4.49 
0.5561
8 
0.0093
6 
0.0698
6 
0.0007
5 
24 438.7 4.47 428.4 4.24 
0.5404
1 
0.0067
8 
0.0687
1 
0.0007 
25 1424.9 9.46 1424.4 13.34 
3.0687
8 
0.0379
1 
0.2472
8 
0.0025
8 
26 837.7 7.77 790.8 7.79 
1.2818
3 
0.0174
7 
0.1305
2 
0.0013
7 
27 630.4 5.75 619.7 6.05 
0.8605
4 
0.0105
3 
0.1009 
0.0010
3 
28 913.4 6.73 876 8.33 
1.4584
9 
0.0163 
0.1455
5 
0.0014
8 
29 442.3 4.11 443.2 4.34 0.5459 0.0062 0.0711 0.0007
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2 6 7 2 
30 733.2 10.64 797 8.35 
1.0588
3 
0.0215
7 
0.1316
1 
0.0014
7 
31 787.6 6.1 779.8 7.45 
1.1721
2 
0.0130
4 
0.1285
8 
0.0013 
32 449.2 4.16 437.4 4.29 
0.5563
8 
0.0063
8 
0.0702
1 
0.0007
1 
33 444.7 9.14 443.1 5.03 
0.5495
6 
0.0139
4 
0.0711
6 
0.0008
4 
34 794.9 7.14 786.4 7.66 
1.1876
9 
0.0153
8 
0.1297
5 
0.0013
4 
35 444.2 5.03 438.1 4.39 
0.5487
2 
0.0076
8 
0.0703
2 
0.0007
3 
 
Sample: LSG 1520 (ppm) 
Analy
sis No. 
La
13
9 
Ce
14
0 
Pr1
41 
Nd
14
3 
Sm
147 
Eu
15
1 
Gd
15
7 
Tb
15
9 
Dy
16
3 
Ho
16
5 
Er1
66 
Tm
169 
Yb
17
3 
Lu
17
5 
1 
0.0
32 
5.8 
0.2
46 
4.2
1 
7.2
5 
0.3
23 
27.
46 
8.2
8 
84.
93 
28.
92 
11
6.9
23.
97 
22
2.8
36.
93 
168 
 
8 6 
2 
0.0
54 
4.4
6 
0.0
79 
0.9
9 
3.2
9 
0.1
56 
21 
9.3
8 
12
6.9
5 
50.
62 
23
0.4
9 
51.
14 
49
1.9
2 
81.
85 
3 2.4 
29.
73 
0.6
14 
3.0
6 
2.2
7 
0.6
13 
8.7
3 
3.0
5 
33.
93 
13.
13 
61.
23 
15.
07 
16
6.7
5 
32.
32 
4 
0.0
48 
11.
42 
0.0
78 
1.1
8 
2.9
5 
0.5
09 
14.
51 
5 
59.
03 
22.
43 
96.
07 
20.
8 
19
7.3
7 
34.
14 
5 
9.5
2 
35.
39 
2.5
4 
13.
41 
6.3
5 
1.3
22 
20.
09 
6.7
9 
77.
36 
28.
73 
12
7.0
4 
29.
01 
29
0.1
9 
52.
02 
6 
0.0
23
9 
7.0
6 
0.0
24
8 
0.6
47 
1.7
8 
0.2
23 
11.
05 
4.4
2 
57.
7 
23.
36 
11
1.3
2 
26.
06 
26
8.5
7 
47.
63 
7 
0.8
73 
20.
84 
0.3
74 
3.3
2 
4.8
2 
0.8
75 
23.
83 
8.8
5 
10
6.1
7 
40.
04 
17
5.3
3 
38.
28 
37
2.4
7 
63.
55 
8 0.7 18. 0.2 2.1 2.7 0.8 11. 3.9 46. 18. 87. 21. 23 44.
169 
 
82 72 25 1 6 76 09 1 35 49 82 27 0.1
8 
21 
9 
0.0
40
5 
34.
46 
0.2
85 
4.5
4 
7.1
8 
2.9
6 
34.
95 
10.
89 
12
7.0
7 
48.
06 
20
7.2
1 
43.
8 
42
8.9
8 
75.
27 
10 
2.0
3 
14.
52 
0.5
82 
2.9
7 
1.7
7 
0.2
66 
6.7 
2.6
1 
33.
2 
13.
88 
68.
84 
16.
84 
18
1.5
6 
33.
7 
11 
0.1
05 
16.
81 
0.1
48 
2.1
8 
4.4
6 
1.0
26 
19.
98 
7.7 
95.
02 
37.
26 
17
3.6
6 
40.
14 
41
6.1
5 
73.
88 
12 
1.3
7 
28.
69 
0.2
39 
1.5
2 
1.5
2 
0.6
21 
7.5 
2.5
6 
30.
48 
12.
18 
59.
27 
14.
67 
17
1.4
7 
34.
73 
13 
0.0
67 
10 
0.1
18 
1.5
5 
2.1
2 
0.6
52 
10.
43 
4.1
6 
52.
53 
21.
27 
10
3.2
3 
25.
19 
27
3.7
2 
50.
6 
14 
 
22.
84 
0.0
25
7 
0.4
7 
1.5 
0.7
47 
8.0
9 
3.5
1 
49.
19 
21.
46 
11
6.2
5 
31.
59 
37
8.2
2 
73.
93 
170 
 
15 
3.9
5 
18.
88 
1.2
05 
7.3
2 
5.4
4 
1.0
2 
21.
21 
7.4
8 
84.
66 
30.
53 
13
5.4
8 
29.
89 
29
8.8
5 
50.
86 
 
Sample: LSG 01 (ppm) 
Analy
sis 
No. 
La1
39 
Ce
14
0 
Pr1
41 
Nd
143 
Sm
147 
Eu1
51 
Gd
15
7 
Tb1
59 
Dy
16
3 
Ho
16
5 
Er
16
6 
Tm
16
9 
Yb
17
3 
Lu
17
5 
1 
 
0.0
43
6 
0.0
000
1 
0.0
024
7 
0.0
093
8 
0.0
014
3 
0.1
89
1 
0.0
220
2 
2.4
15 
0.2
41
5 
3.
9 
0.1
81
3 
13.
45 
0.3
18 
2 
 
0.1
10
5 
0.0
000
2 
0.0
043
8 
0.0
132
7 
0.0
014
5 
0.2
77
4 
0.0
339 
4.2
4 
0.4
88 
8.
81 
0.4
54 
38.
65 
0.9
75 
3 
0.0
000
1 
0.1
64
1 
0.0
000
6 
0.0
071
3 
0.0
120
2 
0.0
018
9 
0.2
37
8 
0.0
266
7 
3.1
8 
0.3
61 
6.
79 
0.3
47 
28.
67 
0.7
4 
4 
 
0.1
21
5 
0.0
000
1 
0.0
032
7 
0.0
188 
0.0
023
5 
0.4
1 
0.0
504 
5.6
5 
0.6
02 
10
.0
5 
0.4
87 
37.
33 
0.9
15 
171 
 
5 
0.0
000
2 
0.2
19
2 
0.0
000
5 
0.0
077
5 
0.0
224 
0.0
024
5 
0.4
59 
0.0
556 
6.6
1 
0.7
34 
12
.6
4 
0.6
31 
49.
95 
1.2
45 
6 
 
0.0
32
4 
0 
0.0
007
4 
0.0
057
7 
0.0
003
4 
0.1
44
3 
0.0
201
7 
2.5
78 
0.3
05 
5.
81 
0.3
19 
28.
64 
0.7
61 
7 
 
0.1
02
9 
0.0
000
1 
0.0
025 
0.0
114 
0.0
012
1 
0.2
64
1 
0.0
326 
4.1
7 
0.5
19 
10
.2
3 
0.5
76 
50.
79 
1.3
99 
8 
 
0.0
67
8 
0.0
000
1 
0.0
028
5 
0.0
134 
0.0
017
1 
0.2
73
2 
0.0
326 
3.9
8 
0.4
45 
8.
3 
0.4
43 
37.
82 
0.9
94 
9 
 
0.0
97
8 
0.0
000
1 
0.0
036
9 
0.0
157
6 
0.0
017
9 
0.3
56 
0.0
419 
5.1
9 
0.5
51 
9.
09 
0.4
53 
35.
33 
0.8
86 
10 
0.0
000
4 
0.2
23
8 
0.0
000
5 
0.0
056
3 
0.0
110
7 
0.0
017
4 
0.2
26
5 
0.0
282 
3.4
4 
0.3
95 
7.
14 
0.3
66 
30.
74 
0.8
04 
11 
 
0.0
69
0.0
000
0.0
032
0.0
119
0.0
013
0.2
64
0.0
322 
3.9
6 
0.4
21 
6.
83 
0.3
3 
25.
48 
0.5
93 
172 
 
2 1 6 8 9 2 
12 
 
0.2
14
2 
0.0
000
2 
0.0
041
7 
0.0
132
1 
0.0
018
2 
0.3
13 
0.0
427 
5.8
3 
0.7
02 
13
.3
8 
0.7
14 
62.
19 
1.6
19 
13 
0.0
000
2 
0.2
37 
0.0
001
2 
0.0
148
6 
0.0
29 
0.0
039
3 
0.4
47 
0.0
588 
7.2
6 
0.7
7 
12
.8
7 
0.6
66 
56.
01 
1.3
13 
14 
 
0.0
63
6 
0.0
000
1 
0.0
029
1 
0.0
104
1 
0.0
011
7 
0.2
28
7 
0.0
292 
3.3 
0.3
74 
6.
52 
0.3
56 
29.
89 
0.7
56 
15 
0.0
000
1 
0.2
10
7 
0.0
000
5 
0.0
063
6 
0.0
104
6 
0.0
005
4 
0.1
38
1 
0.0
185
8 
2.6
29 
0.3
9 
9.
5 
0.6
68 
72.
08 
2.3
97 
16 
0.0
003
5 
1.0
03 
0.0
005
7 
0.0
488 
0.0
307 
0.0
029
9 
0.4
57 
0.0
545 
6.9
6 
0.7
62 
12
.9
2 
0.6
2 
50.
02 
1.1
81 
17 
0.0
000
2 
0.3
78 
0.0
001
9 
0.0
205
1 
0.0
273 
0.0
025
2 
0.4
9 
0.0
618 
8.0
4 
0.9
63 
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.4
2 
0.9
75 
82.
03 
2.1
27 
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19 
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7 
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7 
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3 
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5 
0.6
9 
0.0
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0.7
84 
12
.1
2 
0.5
57 
41.
25 
0.9
33 
20 
 
0.3
01 
0.0
000
8 
0.0
181
1 
0.0
624 
0.0
066
2 
1.1
24 
0.1
212 
13.
55 
1.4
12 
23
.6 
1.1
36 
91.
28 
2.2
62 
21 
 
0.1
09
5 
0.0
000
1 
0.0
041 
0.0
173
2 
0.0
021
8 
0.3
65 
0.0
447 
5.4 
0.5
96 
10
.0
8 
0.4
91 
39.
74 
0.9
91 
22 
 
0.0
61
3 
0.0
000
1 
0.0
027
6 
0.0
119
8 
0.0
015 
0.2
65 
0.0
32 
3.8
9 
0.4
44 
8.
18 
0.4
5 
38.
73 
1.0
47 
23 
 
0.0
71 
0 
0.0
009 
0.0
042
5 
0.0
005
4 
0.1
06
4 
0.0
145
2 
1.8
93 
0.2
29 
4.
51 
0.2
59
9 
24.
83 
0.6
9 
24 
 
0.0
32
9 
0 
0.0
016
7 
0.0
084
9 
0.0
004
3 
0.1
96
1 
0.0
250
6 
2.9
3 
0.3
35 
6.
16 
0.3
24 
28.
38 
0.7
33 
174 
 
25 
 
0.1
10
4 
0.0
000
1 
0.0
033
4 
0.0
148
5 
0.0
022
1 
0.3
77 
0.0
453 
5.4
7 
0.5
63 
8.
94 
0.4
27 
31.
49 
0.7
32 
26 
 
0.1
49
8 
0.0
000
1 
0.0
016
2 
0.0
058
9 
0.0
009
9 
0.1
26
2 
0.0
166
8 
2.3
11 
0.2
95 
6.
08 
0.3
53 
32.
86 
0.9
31 
27 
 
0.0
61
5 
0.0
000
1 
0.0
023
1 
0.0
084
7 
0.0
009 
0.2
11 
0.0
257 
3.1
4 
0.3
75 
7.
16 
0.3
91 
34.
6 
0.9
38 
28 
 
0.0
31
1 
0.0
000
1 
0.0
015
5 
0.0
031
2 
0.0
002
5 
0.0
79
1 
0.0
179
1 
3.6
9 
0.6
04 
15
.2
8 
1.0
57 
96.
38 
2.3
45 
29 
0.0
000
2 
0.1
13
9 
0.0
000
4 
0.0
061
1 
0.0
149
2 
0.0
018
8 
0.2
97 
0.0
335 
3.9
1 
0.4
16 
6.
92 
0.3
43 
26.
63 
0.6
26 
30 
 
0.0
79
5 
0.0
000
1 
0.0
031
5 
0.0
141
7 
0.0
011 
0.3
25 
0.0
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5.3
9 
0.6
2 
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.2
2 
0.5
81 
48.
63 
1.2
27 
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0.1
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0.0
000
0.0
027
0.0
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184
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89 
0.2
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0.4
29 
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0.1
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0.0
000
5 
0.0
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1 
0.0
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0.0
043
5 
0.5
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0.0
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9.0
5 
1.0
88 
19
.5
8 
0.9
94 
81.
73 
1.9
98 
33 
 
0.0
45
5 
0 
0.0
017
8 
0.0
070
5 
0.0
012
1 
0.1
46
6 
0.0
183
1 
2.2
61 
0.2
58 
4.
76 
0.2
53 
21.
54 
0.5
3 
34 
 
0.1
05
3 
0 
0.0
013
9 
0.0
074
4 
0.0
011
6 
0.2
4 
0.0
323 
4.2 
0.5
16 
10
.3
2 
0.6
01 
54.
37 
1.4
83 
35 
 
0.0
72
5 
0 
0.0
011
9 
0.0
067
7 
0.0
012
2 
0.1
48
8 
0.0
175 
2.1
64 
0.2
51 
4.
73 
0.2
56
5 
22.
61 
0.5
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Sample: 12 (ppm) 
Analy
sis 
No. 
La1
39 
Ce
14
0 
Pr1
41 
Nd
14
3 
Sm
14
7 
Eu
15
1 
Gd
15
7 
Tb
15
9 
Dy
16
3 
Ho
16
5 
Er1
66 
Tm
169 
Yb
173 
Lu
17
5 
1 
<0.
016
20.
27 
0.0
21
0.4
34 
1.2
9 
0.4
65 
10.
41 
5.0
8 
71.
64 
31.
14 
15
9.3
40.
62 
453
.55 
84.
14 
176 
 
7 4 1 
2 
<0.
013
1 
25.
58 
0.0
25
5 
0.5
8 
1.9
9 
0.4
49 
14.
14 
6.2
2 
85.
43 
36.
24 
18
4.3
5 
45.
47 
500
.66 
91.
13 
3 
3.7
1 
26.
85 
1.3
77 
8.0
4 
5.4
9 
4.1
7 
25.
28 
12.
47 
17
2.7
8 
63.
76 
28
5.6
7 
64.
26 
655
.36 
11
1.9
3 
4 
4.4
2 
26.
99 
1.3
12 
7.2
4 
6.7
4 
5.0
9 
34.
6 
17.
56 
23
1.8 
79.
52 
31
5.3
8 
63.
39 
585
.62 
96.
46 
5 
24.
06 
63.
54 
12.
03 
63 
33.
9 
8.3
1 
65.
35 
18.
1 
18
5.5
7 
65.
91 
30
5.6
4 
72.
87 
796
.28 
14
5.7
2 
6 
3.7
5 
22.
91 
2.3
6 
10.
32 
6.4
7 
1.2
71 
20.
8 
9.2
3 
13
1.4
9 
58.
07 
31
0.6
8 
81.
33 
925
.14 
17
1.2
2 
7 
0.0
354 
20.
67 
0.0
35
3 
0.5
62 
1.4
8 
0.3
27 
10.
72 
4.7
6 
68.
84 
29.
88 
15
6.6
2 
39.
85 
453
.87 
83.
8 
8 <0. 21. 0.0 0.3 1.2 0.3 10. 4.8 66. 28. 14 36. 401 74.
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017
6 
67 21
1 
72 7 53 91 4 11 72 7.5
9 
42 .14 14 
9 
1.3
66 
22.
52 
0.4
84 
2.6
5 
2.2
3 
0.5
49 
12 
5.0
4 
69.
99 
29.
45 
14
6.4
7 
35.
95 
396
.85 
71.
46 
10 
<0.
018
1 
25.
83 
0.0
18
5 
0.5
87 
2 
0.4
37 
13.
17 
5.8
5 
80.
13 
34.
28 
17
5.3
6 
44.
15 
486
.15 
89.
41 
11 
0.1
78 
20.
35 
0.1
34 
0.8
52 
2.0
7 
0.3 
13.
61 
7.4
4 
11
6.5
4 
53.
21 
28
6.2
9 
76.
45 
857
.58 
15
4.8
8 
12 
0.4
63 
16.
59 
0.2
57 
1.8
3 
1.6
9 
0.7
88 
9.2
9 
4.5
5 
65.
68 
29.
78 
16
0.6
5 
43.
85 
522
.57 
10
2.7
8 
13 
0.0
058 
17.
69 
0.0
10
8 
0.4
42 
1.3
6 
0.3 
13.
19 
7.0
8 
11
2.7
2 
52.
05 
28
4 
75.
22 
853
.88 
15
5.4
3 
14 
<0.
020
1 
22.
94 
0.0
16 
0.5
91 
2 
0.3
86 
11.
73 
5.4
6 
73.
96 
31.
96 
16
3.8
9 
40.
78 
444
.27 
80.
23 
178 
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4.5
6 
45.
02 
1.7
6 
9.3
3 
6.8
8 
2.1
5 
25.
46 
10.
75 
13
5.1
4 
56.
2 
27
0.8
9 
64.
84 
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.78 
11
8.6
3 
16 
0.1
27 
27.
32 
0.0
73
3 
0.6
32 
2.6
3 
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84 
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6.7
2 
91.
05 
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19
5.6
6 
48.
68 
529
.76 
94.
74 
17 
0.0
95 
26.
1 
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30
1 
0.5
27 
2.0
2 
0.5
12 
14.
69 
6.4
7 
89.
07 
38.
38 
19
3.0
5 
48.
12 
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.25 
94.
96 
18 
2.6
6 
25.
93 
0.9
72 
4.2
5 
2.7
2 
0.8
01 
13.
16 
5.8
8 
81.
51 
35.
24 
17
8.0
6 
45.
19 
498
.67 
90.
78 
19 
<0.
023
3 
53.
6 
0.0
49 
0.9
8 
3.9
5 
0.8
63 
27.
98 
12.
02 
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4.4 
71.
31 
36
1.0
3 
91.
6 
100
8.9
2 
18
2.0
7 
20 
1.7
92 
16.
68 
1.0
52 
5.3
3 
3.4
5 
0.5
88 
13.
24 
6.4
1 
96.
02 
43.
25 
23
7.9
6 
64.
45 
731
.83 
13
4.5
4 
21 
3.5
9 
22.
05 
1.1
39 
6.1
1 
4.2 
0.7
07 
15.
51 
5.2 
59.
24 
22.
13 
96.
48 
21.
29 
210
.39 
36.
54 
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22 
0.0
244 
27.
36 
0.0
39
9 
0.6
18 
2 
0.4
25 
14.
32 
6.4
2 
87.
41 
38.
38 
19
4.8
7 
49.
13 
538
.11 
96.
8 
23 
3.5
5 
26.
37 
1.0
21 
5.3
7 
3.4
8 
1.5
82 
15.
2 
6.3
2 
81.
42 
33.
78 
16
7.3
1 
41.
7 
450
.73 
80.
38 
24 
0.0
86 
17.
04 
0.0
40
3 
0.3
97 
1.2
6 
0.3
48 
10.
14 
4.8
9 
73.
13 
33.
59 
18
0.1
8 
49.
96 
598
.32 
11
4.2
3 
25 
0.1
27 
21.
37 
0.0
49
2 
0.4
34 
1.4
1 
0.3
58 
9.9
3 
4.6
7 
66.
08 
28.
58 
14
5.6
8 
36.
42 
400
.23 
71.
85 
26 
2.3
8 
34.
4 
0.7
17 
4.3
6 
3.4
4 
1.3
89 
18.
09 
7.7
7 
10
3.9
4 
44.
14 
21
8.6 
53.
95 
571
.29 
10
0.4
9 
27 
0.2
67 
26.
61 
0.0
66 
0.9
92 
2.0
7 
0.5
66 
13.
78 
6.0
6 
83.
48 
35.
52 
17
8.1 
44.
7 
489
.5 
87.
51 
28 
<0.
011
6 
20.
58 
0.0
18
7 
0.3
27 
1.2
1 
0.2
95 
8.0
4 
3.7
3 
51.
93 
23.
41 
12
2.6 
31.
44 
347
.95 
63.
33 
180 
 
29 
1.2
62 
22.
53 
0.3
29 
2.0
7 
2.1
2 
0.6
07 
11.
98 
5.3 
73.
17 
30.
87 
15
7.6
5 
39.
82 
436
.44 
79.
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Sample: LPG 22 (ppm) 
Analy
sis No. 
La1
39 
Ce
14
0 
Pr1
41 
Nd
14
3 
Sm
147 
Eu
15
1 
Gd
15
7 
Tb
15
9 
Dy
16
3 
Ho
16
5 
Er1
66 
Tm
169 
Yb
17
3 
Lu
17
5 
1 8.74 
34.
88 
3.8
4 
21.
15 
11.
89 
3.6 
26.
34 
8.1
4 
83.
08 
27.
28 
11
6.1
1 
27.
73 
30
9.5
8 
57.
33 
2 6.38 
23.
68 
2.6 
13.
29 
6.6
5 
1.2
01 
22.
72 
8.3
4 
10
7.1
9 
41.
46 
19
3.1
5 
45.
62 
47
1.1
3 
81.
55 
3 
0.05
74 
39.
36 
0.0
87
3 
1.3
5 
2.9
2 
0.7
71 
14.
6 
4.8
9 
58.
58 
22.
59 
10
3.9
2 
24.
37 
25
5.3
5 
44.
82 
4 
1.20
9 
15.
45 
0.5
35 
2.8 
2.5
5 
0.3
38 
12.
68 
4.5
8 
53.
75 
20.
17 
88.
49 
19.
89 
19
4.7
4 
32.
94 
181 
 
5 
0.84
7 
12.
81 
0.5
26 
3.6
1 
3.2
2 
0.5
42 
13.
28 
5.0
5 
58.
73 
22.
14 
98.
77 
21.
7 
22
0.0
3 
37.
95 
6 
1.85
2 
46.
85 
0.8
9 
5.1 
3.5
5 
1.7
42 
14.
61 
4.6
8 
53.
69 
20.
26 
98.
44 
24.
58 
27
8.8
2 
54.
34 
7 
0.07
4 
20.
18 
0.0
86 
1.5
6 
2.8
1 
0.8
71 
12.
76 
4.6
9 
58.
34 
23.
74 
11
7.8
3 
30 
34
2 
67.
11 
8 
<0.
014
8 
26.
8 
0.0
74
1 
1.2
3 
2.5
1 
0.5
96 
14.
03 
5.3 
66.
42 
26.
5 
12
4.4 
29.
13 
30
6.2
5 
54.
05 
9 3.81 
31.
5 
0.6
33 
3.0
2 
2.5
8 
0.6
07 
11.
51 
4.2
1 
50.
91 
19.
75 
91.
63 
21.
98 
23
2.7 
40.
16 
10 
0.03
4 
13.
56 
0.0
58
3 
1.2
7 
2.5
3 
0.1
66 
16.
62 
6.2
8 
76.
09 
28.
92 
12
7.4
3 
27.
79 
27
2.0
4 
44.
6 
11 0.03 
16.
68 
0.2
13 
3.4 
6.4
4 
2 
24.
57 
8.5 
92.
45 
32.
86 
14
2.6
4 
30.
82 
30
1.4
6 
48.
61 
182 
 
12 
0.30
4 
26.
65 
0.1
39 
1.4
9 
2.5
7 
1.0
54 
13.
6 
4.9
2 
61.
49 
24.
32 
11
8.6
3 
30.
05 
34
6.2
3 
67.
88 
13 
0.07
7 
13.
58 
0.1
59 
2.5
2 
4.7
1 
1.6
24 
23.
38 
7.9
1 
89.
72 
33.
02 
14
2.7
7 
30.
85 
30
3.8
4 
49.
87 
14 5.1 
18.
9 
2.6
4 
14.
13 
6.5
1 
0.1
96 
21.
81 
8.2
1 
10
5.2
3 
41.
27 
19
0.3
4 
43.
53 
43
8.7
7 
71.
72 
15 9.32 
38.
96 
3.2
1 
15.
33 
6.2
6 
0.6
02 
27.
83 
10.
95 
13
7.9
3 
54.
22 
24
3.9
1 
54.
5 
53
7.9
7 
85.
72 
16 3.53 
26.
01 
1.0
91 
6.2
8 
5.0
9 
0.9
5 
22.
04 
8.4
1 
10
0.9
2 
39.
38 
18
3.8
1 
43.
7 
46
4.8 
80.
51 
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